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Water pollutants, such as pharmaceuticals, became an important public health issue over the 
last years for their extensive presence in the aquatic ecosystem. Among several pollutants, 
antibiotics are especially worrying because of their potential to induce antimicrobial resistance 
in microorganisms. The inability of wastewater treatment plants (WWTPs) to effectively 
remove these pollutants makes necessary to find alternative methods for their elimination. 
Photocatalysis may become an alternative process since it allows rapid and efficient removal, 
transforming the initial compound into harmless products. It is a promising method because 
it uses nanomaterials that are highly photocatalytically active, photo-stable, and non-toxic. 
Anticipating the need for safe and more efficient water treatment methods, the scope of this 
thesis concerns the synthesis of different photocatalytic materials, as well as their 
characterization, determination of their photocatalytic properties, and respective reusability. In 
this context, the polymeric nanocomposites were produced by electrospinning and solvent 
casting, and the photocatalytic magnetic particles by co-precipitation and sol-gel. Their 
different morphologies and characteristics explain their different photocatalytic properties. 
Some of these materials overcome the limitations of the already existing materials regarding 
reusability and photocatalytic properties. A direct comparison of these materials in the 
literature proves difficult, as the experimental conditions, such as irradiation and types of 
photoreactors, are different among the different research groups. This thesis overcomes such 
limitations and therefore provides insights into the relative performance of different 
immobilization alternatives tested under identical conditions. 
The first task in this thesis is to provide evidence for the presence of pharmaceuticals in 
wastewater and the ability of the photocatalysts that were later intended to be immobilized to 
degrade them. In particular, it concerned pharmaceuticals detected on the wastewater 
effluent from Kaditz, Dresden, Germany. It was analyzed the degradation of 14 
pharmaceuticals with initial concentrations higher than 0.3 µg L–1. Suspended commercial 
nanoparticles of titanium dioxide (TiO2) P25 and zinc oxide (ZnO) were used as photocatalysts. 
It led to a considerable degradation of the analyzed pharmaceuticals by both catalysts. ZnO 
nanoparticles degraded 95 % of these pharmaceuticals after 40 min under ultraviolet radiation 
(UV), while TiO2 took more than six times longer to reach the same degradation level. 
Systems using suspended photocatalysts have been shown to successfully degrade 





additional and expensive filtration or sedimentation step to remove the photocatalyst at the 
end of the process. Moreover, without a commercial-scale recycling process, these types of 
methods prove to be cost-ineffective. In light of the need to reuse photocatalysts, this work 
focuses on the immobilization of photocatalytic nanoparticles, such as ZnO, TiO2, 
TiO2/graphene oxide (GO), and tungsten oxide (WO3) and on the posterior use in the 
degradation of a model pollutant. The photocatalysts were immobilized by solvent casting in 
poly(vinylidene difluoride-co-trifluoroethylene) (PVDF-TrFE), and by electrospinning in PVDF-
TrFE and poly(methyl methacrylate) (PMMA) and their reuse was tested. Polymers are 
common materials suitable to be in contact with water. Therefore, these materials can be 
applied as valid catalysts support tools to remove organic contaminants from water. In this 
context, ZnO showed high toxicity towards Vibrio fischeri and consequently it should not be 
used, as it might have potential environmental impacts and biological effects.  
The TiO2 nanocomposites produced by electrospinning showed improved surface area and 
higher porosity compared to the solvent casting method, which is important for water 
percolation. 
In addition to the benefits of immobilization, TiO2/GO particles immobilized in the PVDF-TrFE 
electrospun achieved higher degradation rates under simulated sunlight. It increased the 
photocatalytic degradation when compared with the nanocomposites prepared with pristine 
TiO2, in UV and simulated sunlight. Therefore, it allows for further savings in operation costs 
by removing the necessity of UV lamps. 
However, immobilization systems have the disadvantage of losing surface area when 
compared to the traditional suspension systems. These studies indicate that magnetic 
nanoparticles are a suitable approach to address this issue, as they act as an immobilized form 
of the catalyst but offer high surface area, similar to the suspended systems. The prepared 
magnetic nanoparticles exhibited high photocatalytic activity and high reusability, since the 
magnetic nanoparticles can be easily recovered by means of an external magnetic field and 
further reused.  
It was observed that with these materials and exposure to UV radiation or simulated sunlight, 
the studied compounds were degraded. UV radiation, the support, and the photocatalysts per 
se provide no significant degradation of the tested compounds. 
In conclusion, the produced nanomaterials offer an ecologically promising and efficient 
method to mitigate environmental pollution, by-passing many of the current issues that 




combined with conventional water treatment systems providing a cost-efficient technique to 
handle the degradation of organic pollutants in aqueous systems under visible light or UV. 
 
Kurzfassung 
Die Präsenz von Pharmazeutika in aquatischen Ökosystemen wurde in den letzten Jahren zu 
einem wichtigen Thema der öffentlichen Gesundheit. Unter anderem sind Antibiotika 
besonders besorgniserregend wegen ihres Potenzials, in Mikroorganismen Resistenzen zu 
verursachen. Von Kläranlagen können diese Schadstoffe nicht wirksam entfernt werden, 
deshalb müssen alternative Methoden für deren Beseitigung gefunden werden. 
Photokatalyse hat in diesem Zusammenhang das Potenzial der Alternative zu herkömmlichen 
Prozessen, da sie eine schnelle und effiziente Entfernung ermöglicht und die Ausgangsstoffe 
in harmlose Produkte umwandelt. Sie ist eine vielversprechende Methode, da sie 
Nanomaterialien verwendet, die photokatalytisch hochaktiv, lichtstabil und ungiftig sind. 
Die vorliegende Arbeit beschäftigt sich mit der Synthese unterschiedlicher photokatalytisch 
aktiver Materialien, der Charakterisierung ihrer photokatalytischen Eigenschaften, sowie ihrer 
Wiederverwendbarkeit. In diesem Zusammenhang wurden polymere Nanokomposite durch 
Elektrospinning und Solvent-Casting, sowie photokatalytisch aktive, magnetische Partikel 
durch Co-Precipitation und Sol-Gel-Technik, hergestellt. Es stellte sich heraus, dass 
Unterschiede in der Morphologie und in anderen Merkmalen die verschiedenen 
photokatalytischen Eigenschaften dieser Materialien erklären können. Einige dieser 
Materialien zeigten deutliche Verbesserungen gegenüber bereits Vorhandenen hinsichtlich 
Wiederverwendbarkeit und photokatalytischer Eigenschaften. Ein direkter Vergleich mit 
Literaturdaten erwies sich oft als schwierig, da die experimentellen Bedingungen, wie z.B. 
Bestrahlungsstärke und Art des Photoreaktors der verschiedenen Forschungsgruppen 
unterschiedlich waren. Die vorliegende Arbeit stellt eine bessere Vergleichbarkeit her, indem 
sie alle erzeugten Materialien unter identischen Bedingungen testet.  
Der erste Teil dieser Arbeit beschäftigt sich damit, die Anwesenheit von Arzneimitteln im 
Abwasser nachzuweisen und außerdem die Aktivität der Photokatalysatoren, die später 
eingesetzt werden sollen, zu testen. Hier handelt es sich insbesondere um Arzneimittel, die 
im Abwasser aus der Kläranlage Kaditz, Dresden, gefunden wurden. Es wurde der Abbau von 
14 Arzneimitteln mit Anfangskonzentrationen von mehr als 0.3 μg L-1 analysiert. Als 
Photokatalysatoren wurden suspendierte kommerzielle Nanopartikel aus Titandioxid (TiO2) 





Arzneimittel durch beide Katalysatoren festgestellt. ZnO-Nanopartikel reduzierten die 
Arzneimittelkonzentration in 40 min um 95% unter UV-Strahlung (UV), während bei TiO2 zum 
Erreichen des gleichen Abbaugrades die 6-fache Zeit nötig war.  
Es wurde gezeigt, dass Systeme mit suspendierten Photokatalysatoren Arzneimittel 
erfolgreich abbauen können. Nachteilig ist jedoch der anschließend notwendige, teure 
Filtrations- oder Sedimentationsschritt zur Entfernung des Photokatalysators. Darüber hinaus 
erwiesen sich Methoden ohne kommerziell umsetzbares Recyclingverfahren als ökonomisch 
ineffizient. Angesichts der Notwendigkeit, Photokatalysatoren wiederzuverwenden, 
konzentriert sich die vorliegende Arbeit auf die Immobilisierung von photokatalytischen 
Nanopartikeln, wie z.B. ZnO, TiO2, TiO2/Graphenoxid (GO) oder Wolframoxid (WO3) und auf 
die spätere Verwendung für den Abbau eines Modell-Schadstoffs. Die Photokatalysatoren 
wurden durch Solvent-Casting in Poly(vinyliden-difluorid-co-trifluorethylen) (PVDF-TrFE) und 
durch Elektrospinning in PVDF-TrFE und Poly(methylmethacrylat) (PMMA) immobilisiert. 
Anschließend wurde ihre Wiederverwendbarkeit getestet. Diese Polymere sind 
handelsübliche Materialien, die für den Wasserkontakt geeignet sind. Daher können diese als 
Binder für Katalysatoren zur Entfernung organischer Verunreinigungen aus Wasser genutzt 
werden. ZnO zeigte dagegen eine hohe Toxizität gegenüber Vibrio fischeri, weshalb ein 
Einsatz in wässrigem Medium wegen potenzieller Umweltauswirkungen nicht geeignet 
erscheint. 
Die durch Elektrospinnen hergestellten TiO2-Nanokomposite zeigten im Vergleich mit den 
durch Solvent-Casting hergestellten eine verbesserte Oberfläche mit höherer Porosität, was 
für die Wasser-Perkolation wichtig ist. 
Vergleicht man die untersuchten Polymerfilm-Komposite hinsichtlich ihrer 
Abbaugeschwindigkeiten unter simuliertem Sonnenlicht und UV-Licht, dann erreichten die 
TiO2/GO-Partikel, die durch Elektrospinning in PVDF-TrFE immobilisiert wurden, die höchste 
Geschwindigkeit. Die Möglichkeit des Einsatzes von Sonnenlicht anstelle von UV-Lampen 
führt zu Kosteneinsparung. 
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The presence of pharmaceuticals in water has become a great concern due to the adverse 
consequences to both human’s health and wildlife [1], [2]. More recently, antibiotics have 
triggered the interest of researchers given the detectable effects even at low concentrations 
[1], [3] as they can lead to the development of microbial resistance. To put the risk of microbial 
resistance into perspective, it is worth considering that in Germany alone, approximately 
30,000 people die annually in health care facilities due to nosocomial infections [4]. Antibiotics 
play a crucial role in the treatment of diseases, hence all forms of development of microbial 
resistance to antibiotics represent a public health concern. The lack of effective antimicrobials 
would increase significantly the risks associated with many medical procedures, e.g. organ 
transplantation, chemotherapy, and any major surgery. 
Excreting pharmaceuticals in the sanitary system is unavoidable, caused by their 
metabolization and the characteristics of pharmaceuticals themselves [5] but despite 
pharmaceuticals reaching wastewater treatment plants (WWTPs), these are ineffective in 
their removal. Hence, pollutants are discharged into the water body and for that reason they 
can be quantified in effluents [3], [6]–[8]. Due to their low bio-degradability, it is important to 
minimize discharges into surface waters to protect the aquatic ecosystem [9]. Growing 
populations and global climate change are stressing water resources and requiring water 
reuse [10].  
It follows from the aforementioned aspects that, it is necessary to develop and implement 
technically and economically efficient arrangements to ensure a minimum environmental 
impact. Semiconductor photocatalysis oxidizing the organic pollutants to carbon dioxide, water, 
and inorganic compounds, is an effective alternative to conventional treatments for water 
decontamination, such as wastewater containing pharmaceuticals [11]. Some works 
investigated the reusability of photocatalytic nanocomposites but many failed to fulfill 
important requirements, such as an efficient attachment of the nanoparticles to the support, 
a production method that does not significantly reduce the photocatalytic properties (as 
compared to the suspended form), and the reusability itself. Addressing these issues remains 
still a challenge. 
Moreover, in heterogeneous photocatalytic systems, to assess the efficiency of the 
photocatalytic nanomaterials, these should be tested under identical conditions with the same 
type of photoreactor. Consequently, comparison of results obtained by different research 
groups can lead to erroneous conclusions. 
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In this work, the experimental parameters were kept constant so one can compare the 
different produced materials under the same experimental conditions. Other parameters, such 
as the presence of different chemical species in solution and the influence of the 
concentration of the catalysts were also here examined. 
In this regard, the scope of this work concerns the production, characterization, determination 
of the photocatalytic properties, and reusability of several photocatalytic nanomaterials. The 
reusability of the materials is of fundamental importance for an economical and eco-friendly 
scaling-up of such systems. The photocatalytic properties were addressed by degrading a 
model pollutant under UV and visible light. A comparative study between the various 
photocatalytic materials is shown and discussed.   
 
1.2 OUTLINE OF THE THESIS 
The core subject of this thesis is the development and study of photocatalytic materials for 
water treatment, compatible with practical application in WWTPs. Chapter 2 concerns the 
analysis of knowledge on the presence and impact of pharmaceuticals in the environment 
outlying the importance of the removal of these compounds from water. It is followed by a 
section dedicated to advanced oxidation processes, with a particular focus in photocatalysis. 
It begins with a review of the underlying mechanism that governs this process and the 
respective kinetics. It then proceeds to the enumeration of parameters that influence the 
photocatalytic activity. The doping of the semiconductors is briefly discussed as a way to 
improve their efficiency. Further in this chapter, the introduced immobilization techniques are 
discussed in order to show their individual advantages and limitations. Finally, the potential 
applications of these photocatalytic materials is explained. 
The review of materials and methods used to synthesize the nanocomposites used in this 
work is presented in Chapter 3. This chapter starts with the enumeration of the materials and 
proceeds to the description of the methods used in the synthesis of the nanomaterials and 
their characterization. Also, the methodology used to assess the photocatalytic degradation 
process, as well as the methodology used to assess the toxicity of the photocatalytic 
nanoparticles is here described. 
Chapter 4 examines the photocatalytic degradation of different pharmaceuticals and a model 
compound, i.e. methylene blue, by two suspended photocatalysts. The results obtained by 
both catalysts are compared. Also, in this chapter an effluent from a WWTP is analyzed and 




the matrix interference is investigated to determine its impact in the degradation efficiency. 
The determination of the matrix influence is particularly important. Unlike experimental tests 
in which only one compound can be degraded, several organic matter can be found in 
wastewater. Their influence on the degradation of specific compounds should be investigated. 
The simulated data was compared to the experimental results of the photocatalytic 
degradation of model pollutants. Finally, the toxicity of the studied irradiated nanoparticles is 
here assessed.  
To overcome the limitations associated to the use of the photocatalysts in the suspended 
form, two different immobilization techniques used to immobilize the photocatalysts are 
discussed in Chapter 5. In addition to the different techniques, different polymers and 
nanoparticles are tested. A comparative study, applying the same experimental conditions, is 
made for the produced nanocomposites, to assess their photocatalytic properties. 
Based on the results of Chapter 5, a decrease of the reaction rates is observed when using 
the immobilized photocatalysts, when compared to the suspended form. This results from a 
decrease in the surface area. Titania-coated iron oxide particles are proposed to solve the loss 
of surface area arising from the immobilization of the catalyst. This work is presented in 
Chapter 6.  
In Chapter 7, a condensed review of the most relevant data and results regarding this thesis 
are presented. 
The major conclusions of this work and directions for future research are exposed in Chapter 
8. 










This chapter is dedicated to the review of the problematic of pharmaceuticals in the 
environment and how heterogeneous photocatalysis can be applied to mitigate this problem. 
First, it is described the fate of pharmaceuticals into the aquatic system, as well as their 
environmental and health impacts, and how advanced oxidation processes (AOPs) can be 
combined with the conventional wastewater treatment plants (WWTP) to more efficiently 
remove these products from water. It briefly reviews the source, risks, and current methods 
used to remove these compounds found in water. Second, an overview of AOPs is presented 
and further the fundamentals of heterogeneous photocatalysis are discussed. In the next 
section, doping the photocatalyst, as a mechanisms to improve its efficiency, either by 
decreasing the recombination rate of the photogenerated electron-hole pairs or by decreasing 
its bandgap leading to the use of visible light, is discussed. Also, the immobilization of the 
photocatalysts by different methods is introduced later in this chapter. The reutilization of the 
photocatalytic nanomaterial is fundamental for practical applications. The advantages and 
disadvantages of the immobilization face the suspended form are discussed and different 
techniques and materials used to immobilize the nanocatalysts are here presented. Finally, 
the generic potential applications of photocatalysts are described. 
 
2.1 PHARMACEUTICALS IN THE ENVIRONMENT 
The term "pharmaceuticals" covers a wide class of commonly used compounds, widely used 
in human and veterinary medicine [12]–[15]. Antibiotics, beta-blockers, anti-inflammatories, 
and illegal drugs are the most commonly detected classes of pharmaceuticals in the 
environment [1], [2], [12], [13]. Pharmaceuticals have been detected, not only in surface and 
ground waters, but also in drinking water [16], entering the environment through different 
routes, Figure 1 [16]–[18]. When consumed, pharmaceuticals may be excreted as the parent 
compound or metabolites, entering into the sewer network and reaching the WWTP [16], [17], 
[19]. For instance, most fluoroquinolones are not completely metabolized in the body and for 
that reason are excreted in urine and feces [20]. In general, it is estimated that between 30 % 
to 90 % of the dose intake (ingestion) is excreted in the urine as the active substance [21]. 
Improper disposal of pharmaceuticals represent another way of entering the environment [22], 
which suggests a need for patient education on the proper disposal of unused and expired 
medications. Prophylactic treatment of livestock and their use in aquaculture also act as routes 
of water contamination [23].  
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In some cases, manure and the sludge produced in the WWTPs are applied to the soil as 
fertilizers, and the effluent of WWTPs is used in irrigation. However, some pharmaceuticals 
are poorly degraded during the wastewater treatment and may end up in the effluents [20]. 
Consequently, they may directly contaminate the soil and surface and groundwater through 
run-off. Sediments from rivers next to agricultural areas show higher antibiotic concentrations 
than the sediments from rivers located far from those areas, indicating the possible run-off 
contamination from farmland [16], [17]. The discharge from WWTPs accounts for a large part 
of pharmaceuticals entering the aquatic environment all over the world [21], [24].  
 
Figure 1 – Origin and routes of the pharmaceutical products [16]–[18]. 
 
Over the past decades, several studies have been reported on these new compounds present 
in water, called “emerging pollutants” [12]. Table 1 shows the most frequently detected 
pharmaceuticals in wastewater, where the pharmaceuticals are grouped according to their 
type and therapeutic use. 
Normally pharmaceuticals are detected in aquatic ecosystems at low concentrations, in the 
order of ng–µg/L. Acute toxic effects are not expected at these concentrations. Nonetheless, 
as these are slight persistent compounds [1], [25], the long term effects of exposure of aquatic 
organisms to small dosages of pollutants are not clearly known. For this reason, 
pharmaceuticals in water represent an important public health issue, demanding urgent 
attention because of the adverse impact on both human and animal health [1], [2]. 
Recently, two groups of pharmaceuticals have arisen to the attention of researchers given 
their detectable effect even at low concentrations, including the endocrine disrupting 
compounds and the antibiotics [1], [3]. Endocrine disruptors, e.g. xenoestrogens, affect the 
reproductive capabilities of humans and animals, impairing fertility in a wide range of wildlife 




species [26], [27]. The feminization of male fish in water contaminated with xenoestrogens 
has already been observed [1], [2], [6], [28]. Antibiotics also affect important biological 
activities. They can induce the development of antibiotic-resistant bacteria, including 
pathogens [3], [25], [29]. Antibiotic resistance occurs when a microorganism develops the 
ability to resist the action of an antimicrobial. As a result, antibiotics become ineffective, 
leading to prolonged illnesses which requires alternative treatment, previously not used due 
to cost or with negative side effects, such as increased pharmaceutical toxicity [30]. In 
addition, antibiotics found in the ecosystems may cause damage in microflora and -fauna, 
accumulate in food chains and in organisms. For instance, antibiotic accumulation may cause 
damages in the central nervous system and spermatogenesis and have mutagenic effects [3], 
[19], [29], [31]. A study in Spain [32] reported on the increase of resistance in Salmonella spp. 
to several antibiotics over a period of 7 years. Results include a raise from 8 to 44 % to 
ampicillin resistance, tetracycline resistance from 1 to 42 %, and from 1.7 to 26 % to 
chloramphenicol resistance. Likewise, in the USA, resistance to tetracycline in Salmonella spp. 
has increased from 9 % (1980) to 24 % (1990) and ampicillin resistance increased from 10 to 
14 % during the same period [33]. 
 
Table 1 – Most frequently detected pharmaceuticals in wastewater. Adapted from [2]. 
Therapeutic use Pharmaceuticals 
Antibiotics Sulfonamides, ofloxacin 
Analgesic/ Antipyretic Diclofenac, ibuprofen, naproxen, paracetamol 
Antiepileptic Carbamazepine 
Cardiovascular drugs Propranolol, atenolol, metoprolol, clofibric acid, gemfibrozil 
Endocrinology treatments 17 α-ethinylestradiol, 17 β-estradiol 
 
Despite pharmaceuticals entering the sewer network and reaching the WWTPs, these 
conventional WWTPs are not designed to remove pharmaceuticals present at trace levels 
because of their low biodegradability and therefore the applied treatments are ineffective in 
their removal [3], [6]–[8], [34]. Diverse approaches have been conducted to solve this question, 
such as membrane filtration, activated carbon adsorption, and advanced oxidation processes 
(AOP) [3], [8]. 
AOP are recommended when water pollutants have a low degradability since they allow to 
achieve almost the total oxidation of contaminants to carbon dioxide (CO2), water and inorganic 
compounds, or at least allow their partial oxidation to become more biodegradable and/or less 
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harmful intermediates [3], [35]–[37]. This method may be combined with the traditional 
systems (the biological processes (activated sludge)) improving their cost efficiency. AOP 
include different techniques that involve the generation of hydroxyl radicals, which are non-
selective and very reactive (their oxidizing power is higher than that of chlorine). AOP can be 
divided in photochemical (UV/O3, UV/H2O2), photocatalytic (TiO2/UV, photo-Fenton) and other 
chemical oxidation processes [3], [25], [34], [38]. Among them, photocatalysis is a very 
promising and efficient method to remediate environmental pollution [39], [40]. Photocatalysis 
is based on the concept of achieving the degradation of pollutants by solar energy/UV lamps 
in the presence of a semiconductor photocatalyst. 
Thus, photocatalysis has become an attractive alternative process to promote the degradation 
of contaminants in the aquatic environment since it allows their rapid and efficient removal 
from water, transforming them into by-products with lower toxicity [37], [41]–[43].  
 
2.2 ADVANCED OXIDATION PROCESSES: HETEROGENEOUS 
PHOTOCATALYSIS 
Advanced Oxidation Processes (AOP) are efficient environmental friendly processes based on 
the in situ production of hydroxyl radicals [44]. Over the last three decades, R&D for AOP has 
grown extensively [2], [46], [47], [56]. Some of these AOP include treatments such as 
ozonation, Fenton oxidation, and heterogeneous photocatalysis [2], [17]. This work will focus 
on heterogeneous photocatalysis. Photocatalysis has some advantages when compared to 
other advanced oxidation techniques such as ozonation or photo-Fenton. For instance, it only 
requires a source of radiation (UV or sunlight) and a photocatalyst, making it a low cost 
technique [48], [49]. A more detailed account of heterogeneous photocatalysis is given in the 
following sections. 
Initially, most of the studies published in 1920’s used photocatalysts but had not yet been 
employed in the photodegradation of organic pollutants [50]. During the 1950’s, the attention 
shifted from TiO2 to ZnO [37]. In the 1960’s, Fujishima and Honda reported on water splitting 
under visible light and in the presence of TiO2 electrode without the application of an external 
voltage [51], [52]. In 1977, Frank and Bard [53] published a report on the photocatalytic 
degradation of cyanide and sulfite from water by different photocatalysts. This led to the 
proposal of photocatalysis as an effective wastewater treatment method because of the ability 
to degrade recalcitrant organic pollutants [48], [54]–[56]. 




The principle of photocatalysis is to accelerate the cleaning process using radiation or light as 
energy. According to the Photocatalysis Industry Association of Japan, a photocatalyst is a 
material that accelerates chemical reactions by using an energy source. Photocatalytic 
oxidation forms hydroxyl radicals that are strong oxidizing agents able to breakdown numerous 
organic compounds [2], [57]. Several semiconductor materials are used as photocatalysts. 
Illuminated semiconductor materials can catalyze a wide range of redox reactions of the 
electron-donor and –acceptor substrates [17], [36], [58], [59]. Semiconductors are a class of 
materials that exhibit electrical conductivities between insulators and conductors, 
characterized by two separate energy bands: a valence band (with lower energy) and a 
conduction band (with higher energy). The energy separation between these two bands is 
called bandgap [60]. Figure 2 illustrates the energy band diagram and a depiction of the 
pathway of the electrons and holes in a semiconductor particle in the presence of water 
pollutants and oxygen.  
When an electron in the valence band is excited to the conduction band by absorbing a photon 
with energy superior or equal to its bandgap, it will leave a hole in the valence band. These 
electrons and holes take part in reactions at the surface of the semiconductor. In aerobic 
conditions, the electron reacts with the oxygen (O2) dissolved in water to form a superoxide 
radical anion (O2
−•) and the hole oxidizes the adsorbed pollutant molecules and breaks apart 
the water molecules (H2O) to form hydrogen ions (H
+) and hydroxyl radicals (OH•). Via this 
process, organic species are oxidized by the radicals or holes to form carbon dioxide (CO2), 
water and inorganic compounds [17], [37], [43], [61], [62]. 
However, since the energy levels of the valence band are lower than the energy of the 
conduction band, electrons in the conduction band tend to move back into the valence band, 
this process is called recombination. As this occurs, energy corresponding to the difference 
between the two bands is released as radiation or heat [63], [64]. Therefore, the paths of these 
electrons are diverse: (i) they may recombine in the bulk with the holes present in the valence 
band and consequently there is no photocatalytic activity [36], [58], [59], [65]; (ii) may diffuse 
to the photocatalyst surface and reduce an adsorbed molecule; and (iii) may get trapped on 
the surface or in the bulk. Likewise, holes left in the valence band may experience the same. 
Moreover, the excited electron state is very unstable, leading to a very short lifetime for this 
excited state, resulting in fast recombination [36], [59], [66]–[69]. 




Figure 2 – Schematic diagram of the primary processes of electrons (e−) and holes (h+) in an irradiated 
photocatalyst in water [59], [70]. 
 
It is important to note that in semiconductor photocatalysis four components are required for 
the degradation to occur: an energy source (e.g. UV lamps), a photocatalyst, dissolved oxygen 
in water or another electron scavenger, and a pollutant [17].  
The ideal photocatalyst is the one that offers the required combination of properties (activity, 
selectivity, lifetime, and toxicity) and it is also cost-effective [71]. Several semiconductors have 
been studied in photocatalytic oxidations. Nowadays, ZnO and TiO2 have been proven to be 
promising photocatalysts due to their interesting optical properties, photostability, low cost, 
and availability [36], [58], [59], [63], [72], [73]. Other semiconductors have also been studied, 
such as CdS, Fe2O3, and WO3 [63]. Although ZnO is usually described as the most active 
semiconductor [37], TiO2 is used more frequently because it is more stable than ZnO in 
aqueous solution [74]. UV/TiO2 technology requires radiation of a wavelength below 390 nm 
due to its large bandgap (anatase ca. 3.2 eV) [75]. In spite of this high threshold, occasionally 
solar light can be used because, at ground level, it starts at a wavelength of about 300 nm. 
However, the efficiency of the process is significantly hindered due to the fact that radiation 
with wavelength in the range of 300 to 390 nm accounts at most for 5 % of the energy 
spectrum [75]. 
Photocatalysts have a broad range of applications in several areas due to their numerous 
advantages such as good photo and chemical stability and large surface area [42]. According 
to a study carried out by Pereira et al. [3] suspended TiO2 and UV radiation demonstrated a 
good performance for the elimination of oxytetracycline (a widely used broad spectrum 
antibiotic used in veterinary medicine) from water. The photocatalyst not only enhanced the 




degradation of the antibiotic and its biodegradability but also reduced the toxicity of the by-
products. Another study testing the photocatalytic degradation of tetracycline showed a 
degradation rate higher than 98 % [17]. 
This method seems to be a promising method to treat effluents with a low concentration of 
organic matter (such as groundwater and drinking water) [17], [64]. However, a disadvantage 
is the short penetration length of radiation in an aqueous solution containing a suspension of 
opaque fine particles. In addition, it is difficult to remove the catalyst at the end of the process 
since it is dispersed in water. A common technique for separation relies on the sedimentation 
of photocatalyst particles after pH adjustment and a flocculation/precipitation process. But a 
fraction of catalyst frequently remains in the reactor with the treated water and a further 
microfiltration or sedimentation step is usually required [2], [7], [76] which can be time 
consuming and costly [17]. 
To overcome this problem, diverse materials have been studied as a photocatalyst support, 
including glass, zeolites, ceramics, polymers, metals, alumina clays, silica gels and optical 
fibers [77], [78]. Ideally, a good support should have strong adherence to the catalyst, a high 
specific surface area, strong adsorption affinity to the pollutants, and the adsorption process 
should not influence the catalyst reactivity. These immobilization systems have the 
disadvantage of suffering from mass transfer limitation due to the reduction in specific surface 
when compared with the suspended particles in the medium [2], [17]. The immobilization is 
further described in subsection 2.4. 
The key to the problem of industrializing this technology appears to be the immobilization of 
the nanoparticles [54]. 
 
2.2.1 Mechanisms and kinetics 
In this section, the mechanisms of photocatalysis are discussed. Figure 2 represents the 
energy band diagram and primary processes of electrons and holes in a semiconductor particle 
in the presence of water pollutants. Electron-hole pairs are formed when the photocatalyst is 
irradiated with equal or higher energy than its bandgap, this results in their spatial separation. 
Holes carry a positive charge, which react with water producing hydroxyl radicals (OH•) and 
hydrogen ions (H+). In aerobic conditions, electrons react with the dissolved oxygen in water 
and form superoxide anions (O2
−•), which react with water molecules to produce hydroxide 
ions (OH−) and peroxide radicals (•OOH). These peroxide radicals combine with H+ ions to 
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form OH• and OH−, while the holes can oxidize OH− to OH• and/or directly oxidize organic 
pollutants. Consequently, all species ultimately assist in the production of OH•, which are the 
main responsible species for eliminating the contaminant molecules present in aqueous 
solution [43], [48], [63], [72], [79], [80]. 
The generation of photo electron-hole pairs during photocatalysis is the starting point of the 
oxidation process. Although it is debated whether the photocatalytic reaction happens mainly 
due to the contribution of the hydroxyl radicals, due to the photoholes on the surface of the 
catalyst, causing the oxidation of the pollutant adsorbed on the catalyst surface, or by other 
reactive oxygen species (ROS) [8], [72]. 
The oxidizing species include holes, hydroxyl radicals (OH•), and superoxide radicals (O2
−•), 
among others. Hydrogen peroxide (H2O2) and oxygen (O2) are also involved in the 
photocatalytic oxidation processes in various mechanisms [37]. 
It was found that weakly adsorbed pollutants are oxidized via OH• radicals, while pollutants 
that are strongly adsorbed are oxidized at the surface of the catalyst by the originated holes 
[37].  
The principle of photocatalysis involves the activation of the semiconductor by an energy 
source (UV or visible light) [2], [34], [17]. 
𝐶𝑎𝑡𝑎𝑙𝑦𝑠𝑡 
𝒉𝝂
→  𝐶𝑎𝑡𝑎𝑙𝑦𝑠𝑡 (𝑒− + ℎ+) Eq. 1 
The generated holes have a high oxidation potential, they oxidize water, resulting in the 
formation of OH• from water molecules [34], [61], [17], [62], [64]: 
𝐶𝑎𝑡𝑎𝑙𝑦𝑠𝑡 (ℎ+) + 𝐻2𝑂𝑎𝑑𝑠 → 𝐶𝑎𝑡𝑎𝑙𝑦𝑠𝑡 +  OH + 𝐻
+ Eq. 2 
The electrons present in the conduction band, have now no holes to recombine with (since 
they oxidized the water molecules), so they reduce the dissolved oxygen, originating a 
superoxide radical anion (O2
–•). These can subsequently react with water to form hydroxyl 
radicals, which afterwards are converted to H2O2 [34], [17], [61], [62], [64],: 
𝐶𝑎𝑡𝑎𝑙𝑦𝑠𝑡 (𝑒−) + 𝑂2 → 𝐶𝑎𝑡𝑎𝑙𝑦𝑠𝑡 + 𝑂2 
−
 Eq. 3 
𝑂2
−
 + 𝐻2𝑂 → 𝐻𝑂2
 
 + 𝑂𝐻− Eq. 4 
2𝐻𝑂2
 
 → 𝐻2𝑂2 + 𝑂2 Eq. 5 
Hydrogen peroxide (H2O2) may act as an electron receptor, generating extra hydroxyl radicals 
[34], [17], [61], [62]: 




𝐶𝑎𝑡𝑎𝑙𝑦𝑠𝑡 (𝑒−) + 𝐻2𝑂2 → 𝐶𝑎𝑡𝑎𝑙𝑦𝑠𝑡 + 𝑂𝐻
− + 𝑂𝐻 Eq. 6 
Or it may react with the O2
–
 and produce more OH: 
𝐻2𝑂2  + 𝑂2
−
 → 𝑂𝐻− + 𝑂𝐻 Eq. 7 
The adsorbed compound (RXads) may be directly oxidized by the holes at the surface of the 
photocatalyst [34], [17], [62]: 
𝐶𝑎𝑡𝑎𝑙𝑦𝑠𝑡 (ℎ+) + 𝑅𝑋𝑎𝑑𝑠 → 𝐶𝑎𝑡𝑎𝑙𝑦𝑠𝑡 + 𝑅𝑋𝑎𝑑𝑠
°+  Eq. 8 
This way, organic species are oxidized by the radicals or by the holes while adsorbed at the 
surface of the catalyst, to ultimately form carbon dioxide (CO2), water, and inorganic 
compounds [17], [34], [36], [58], [59]. 
Yang et al. [8] performed an experiment to study the photocatalytic degradation kinetics of 
three pharmaceuticals, namely sulfachloropyridazine, sulfapyridine, and sulfisoxazole. Two 
different scavengers were used: isopropanol as a scavenger of hydroxyl radicals and 
potassium iodine as a scavenger of hydroxyl radicals and surface photoholes. These two 
chemicals are used to identify these species since isopropanol reacts with the hydroxyl radical, 
converting it into an inert isopropanol radical and the iodine from potassium iodine is used as 
an electron donor do the photohole and hydroxyl radical forming a relatively inert iodine radical. 
Results are shown in the following table: 
 
Table 2 – Sulfonamide antibiotics quenched by scavengers [8]. The table relates the scavengers used 
with the oxidizing species quenched and the apparent reaction rate constant (k).  
Pharmaceuticals Scavengers ROS quenched Degradation (%) 
Sulfachloropyridazine 
Isopropanol OH radicals 67.7 
Potassium iodine Photoholes and OH radicals 93.5 
Sulfapyridine 
Isopropanol OH radicals 72.1 
Potassium iodine Photoholes and OH radicals 90.7 
Sulfisoxazole 
Isopropanol OH radicals 71.0 
Potassium iodine Photoholes and OH radicals 90.3 
 
By subtracting the degradation percentage attributed to the OH• radicals (obtained with 
isopropanol) from the total percentage (obtained with potassium iodine) one can calculate the 
contribution of the photoholes in the degradation to be 25.8 %, 18.6 %, and 19.3 %, for 
sulfachloropyridazine, sulfapyridine and sulfisoxazole respectively. According to these values, 
other ROS, such as H2O2, 
1O2, HO2• and O2
−•, are merely responsible for 6.5 %, 9.3 % and 
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9.7 % of degradation rates for sulfachloropyridazine, sulfapyridine, and sulfisoxazole 
respectively [8]. 
Hence, one may conclude that hydroxyl radicals and photoholes together are the main species 
responsible for the photocatalytic degradation of pollutants, although hydroxyl radicals are the 
principally responsible for the degradation [8], [72]. 
The kinetics of the photocatalytic degradation of aqueous contaminants is still a topic of debate 
[81]. Several reports claim that these photocatalytic reactions usually follow the classical 
Langmuir-Hinshelwood kinetics model (L-H model) which is reduced to a pseudo-first order 
kinetics or zero-order kinetics depending on the operating conditions [2], [40], [43], [72]. 
The initial concentration of the contaminant is an important parameter as it affects the 
coverage of the surface of the catalyst. If it is high, the surface of the catalyst is saturated 
with the reactant and the Langmuir-type kinetic rate is the zero-order type, which implies that 
the overall rate does not depend on external mass transfer. When the initial concentration of 
the pollutant is very low, the kinetic rate is pseudo-first order type. In this case, the overall 
rate depends on mass transfer and the initial concentration does not affect the conversion 
rate [82]. 
This classical L-H model (Eq. 9) is commonly used to investigate the kinetics of heterogeneous 
photocatalytic materials, assuming the adsorption/desorption equilibrium of the reactants [8], 
[25], [43], [68], [75], [78], [139]:  








Here, r is the reaction rate, kr is the reaction rate constant, KL is the Langmuir adsorption 
constant, and C is the reactant concentration. 
If the reactant concentration is very low (KLC < 1), in the mM order, it is possible to simplify 
to an “apparent” pseudo-first-order kinetic law (Eq. 10) [8], [78]: 





Where k = krKL is the pseudo-first-order reaction rate constant. 
And from this previous equation, rearranging and integrating it to a typical pseudo-first order 
as [78]: 
𝐶 =  𝐶𝑜𝑒
−𝑘𝑡 Eq. 11 




This kinetic model was developed for reactions that follow this situation [59], [83]: 
i) Adsorption of the reactants on the catalyst surface; 
ii) Reaction between adsorbed species; 
iii) Desorption of products. 
However, this model is based on the extent of contaminant adsorption on the photocatalytic 
surface, so it is not able to explain the photocatalytic degradation when the contaminant is not 
adsorbed on the surface of the catalyst and it is not able to define the relationship between 
the reaction rate (dC/dt) and the intensity of the photon flux. It assumes that the reaction rate 
is controlled by the reaction of the adsorbed molecules and that all adsorption and desorption 
processes are in equilibrium [43], [83], [85]. 
Therefore, although the L-H model is used in the general situation of heterogeneous 
photocatalytic reactions, it ignores several steps of the process [83], such as the i) generation 
of charge-carriers by absorption of photons (free holes in the valence band and free electrons 
in the conduction band); ii) recombination of charge carriers; iii) trapping of the photogenerated 
holes in surface states; and iv) reduction of the dissolved oxygen by the photogenerated 
electrons. 
Nevertheless, an important number of studies continue to report the use of the Langmuir 
model despite the fact that this model ignores the previous steps of the photocatalysis 
mechanism, as it is assumed that at low pollutant concentrations and below the catalyst 
saturation, the photocatalytic degradation follows the L-H kinetics [72]. 
There are six main parameters that influence the kinetics: i) the concentration of the catalyst; 
ii) the initial concentration of the pollutant and the presence of other organic species; iii) the 
dissolved oxygen concentrations; iv) the pH; v) temperature in extreme conditions; and vi) the 
illumination conditions (intensity and wavelength) [59], [72], [86], [87]. These parameters are 
further discussed in the next section. 
 
2.2.2 Parameters that influence the photocatalytic reaction 
A wide variety of parameters seems to impact the heterogeneous photocatalytic process. The 
concentration of the catalyst is one of the most important parameters that affect this process. 
Other parameters to take into account are the light wavelength and intensity, the pH of the 
solution that dictates the ionization state of the catalyst surface and therefore affects the 
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adsorption and degradation of the organic compounds, the addition of oxidants as promoters 
of the photocatalytic oxidation reaction, and the water matrix (e.g. the presence of humic 
substances, bicarbonates or dissolved gases) [2].  




According to the L-H model, the degradation rate increases with an increase in the catalyst 
concentration to an optimum light absorption due to an addition of available active sites for 
adsorption. Above this value, the suspended particles block the radiation penetration in the 
water, increasing the light scattering and preventing the catalyst furthest in from being 
illuminated. Also, the agglomeration of the nanoparticles will increase, causing a decrease in 
the number of photocatalytic sites. Therefore, any increase in the concentration of the catalyst 
above that optimum level will not improve the photodegradation efficiency [78], [85], [88], [89], 
[90]. 
As an example, Evgenidou et al. [88] tested the photocatalytic activity of TiO2 and ZnO under 
the same experimental setup conditions. The catalysts exhibited different photocatalytic 
activities, as at low concentrations, TiO2 appeared to be more efficient most likely because of 
its larger surface area. However, as concentration increased, the photocatalytic degradation 
reduced by using TiO2 due to light scattering, caused by the small particle size of TiO2, while 
ZnO was able to absorb more light quanta without provoking great scattering of light.  
 
Chemical species  
Adding oxidizing agents to the system increases the reaction rates and therefore less amount 
of catalyst is needed [7]. Hydrogen peroxide is the most widely used promoter of the 
photocatalytic oxidation reactions, acting as an electron acceptor [37], [40], [91], [92]. 
Inorganic salts, on the other hand, can inhibit the photocatalytic activity depending on their 
concentration and on the pH of the solution [36], [59], [65]. Nevertheless, these inhibiting 
effects are not clear. It is uncertain whether they are due to hydroxyl radicals (OH•) scavenge 
induced by some anions, particularly carbonates or due to a competitive adsorption. The first 
hypothesis is more often suggested [93].  




It is expected to have inorganic ions in wastewater and it is their oxidation state that will inhibit 
or not the photocatalytic reaction. This way Cu2+, Fe2+, Al3+, and Cl– may decrease the 
photocatalytic reaction while Ca2+, Mg2+, and Zn2+ appear not to affect it because they are at 
their maximum oxidation states. Additionally, depending on the pH they may adsorb onto the 




The presence of oxygen seems to be necessary for the degradation and it does not affect the 
adsorption of the reactive compounds on the surface of the catalyst because oxidation takes 
place at different sites from those of reduction [78], [85], [89]. Oxygen acts as an electron 
scavenger and it is reduced by the excited electron preventing it from recombination with the 
photogenerated hole. Additionally, it is involved in the formation of other reactive oxygen 
species, such as the superoxide radical [78], [89], [90], [94].  
 
pH 
The photocatalytic degradation of various pollutants is affected by the pH of the solution [94]. 
This is an important parameter because the reactions take place on the surface of the 
photocatalyst and the pH affects its surface charges [95], [96]. 
The point of zero charge (PZC) is related to the phenomenon of adsorption and represents the 
point at which the surface of the catalyst is zero charged, i.e. there is a minimal interaction 
between the photocatalyst particles and the charged water contaminants, because of the 
absence of electrostatic forces [78], [88]. If the pH of the aqueous solution is equal to the PZC, 
the photocatalytic particles aggregate and sediment as the electrostatic surface potentials are 
zero [85]. It is approximately 6.6 for TiO2 [88] and 9 for ZnO [97]. Above the PZC value, the 
surface of the catalysts is negatively charged, while below this pH, it is positively charged. 
Anions can adsorb on the surface of the catalyst below PZC value, while they are repelled 
from the negatively charged surface at pH above the PZC value [78], [88]. This is important 
because the electrostatic attraction between the surface of the catalyst and the charge of the 
organic molecules enhances the photodegradation, while the repulsion inhibits it [78], [88]. 
 
 




Commonly, photocatalytic systems operate at room temperature, because of the photonic 
activation [98]. The optimum temperature is generally between 20 °C and 80 °C [78]. A slight 
increase of the temperature causes an increase in the reaction rate probably due to the 
increasing collision of the pollutant molecules [88]. At extreme temperatures (-40 °C–0 °C and 
higher than 80 °C) the photoactivity decreases, although low temperatures favors reactants 
adsorption and high temperatures disfavor it [78], [85], [98]. Additionally, it is to note that the 
increase in temperature results in a decrease of the dissolved oxygen, which is very important 
for the photocatalysis to happen [78]. 
The possibility to operate at room temperature turns photocatalysis a promising method to be 
carried out in aqueous media and in particular for environmental purposes [85]. 
 
Light intensity 
The photocatalytic activity depends upon the energy of the incident photons [62], [98]–[101]. 
For TiO2, for instance, it is required UV radiation lower than 390 nm for its activation [63], [102], 
[103].  
Generally, at low intensities, it is expected a linear trend in which the reaction rate increases 
with the light intensity (I) until it reaches a certain threshold [62], [91], [94]. At medium 
intensities (ca. 25 mW cm-2) [98], the reaction rate is no longer proportional to the intensity 
but it becomes square root dependent (proportional to I0.5) [91], [98]–[100], [104] because the 
rate of e-/h+ formation becomes competitive to the photocatalytic rate. Then, at high intensities 
it is observed a zero order dependency because the rate of e-/h+ recombination is favored [62], 
[98], [99], [105]–[107]. The e-/h+ formation and recombination depends on the photocatalyst 
[108]. 
Low photoefficiencies reduce the economic viability of the process [36]. Therefore, the 
optimal light power utilization corresponds to the domain where the reaction rate is 
proportional to the photoefficiencies [98] corresponding to the low light utilization (< 25 mW 
cm-2) [98] .  
 




2.2.3 Quantum yield versus quantum efficiency 
The quantum yield (ɸ) expresses the relation of the reaction rate and the photons absorbed by 
the photocatalyst [68], [86], [109]: 
ɸ =  
moles of molecules transformed by photons with wavelength λ
moles of photons with wavelength λ absorbed
 
Eq. 12 
Literature suggests that the quantum yield cannot be greater than ca. 10 % for TiO2. Since 
the equation for the quantum yield contains the reaction rate in the numerator, it depends on 
the reactant concentration [68]. 
In heterogeneous media, the number of photons absorbed by the reactant is particularly 
difficult to determine experimentally due to scattering, transmission and absorption by the 
suspended photocatalyst [67], [109]–[111]. The light scattered by the suspended photocatalyst 
can reach 13–76 % of the total incident photon flux [67]. The International Union of Pure and 
Applied Chemistry reported that “any reference to quantum yields or quantum efficiencies in 
a heterogeneous medium is inadvisable until the number of photons absorbed by the 
photocatalyst is known”.  
Due to the described difficulties in determining the quantum yields, Serpone et al. [110] 
proposed the use of the expression “photonic efficiency ζ”, which describes [110], [112], [113]: 
ζ =  
moles of molecules transformed
moles of incident photons
 
Eq. 13 
Since in real applications one uses polychromatic light sources, it is necessary to replace 
photonic efficiency by apparent quantum efficiency [112]: 





The parameters that most likely influence ζ  (e.g. pollutant concentration, temperature, and pH) 
are the same that are likely to affect the adsorption-desorption properties of the pollutant on 
the surface of the catalyst, whereas the parameters that only slightly influence the adsorption-
desorption (e.g. reactor geometry, light intensity, and catalyst concentration) show no 
influence in ζ  [68]. 
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2.3 SEMICONDUCTOR DOPING AND ENHANCED EFFICIENCY  
One of the drawbacks of semiconductor photocatalysis is their wide bandgap (e.g. for TiO2 on 
anatase form Eg=3.2 eV), consequently, most semiconductors can only absorb radiation of 
wavelength lower than ca. 400 nm [60]; the required energy to excite the electrons from the 
valence band to the conduction band. Because these short wavelengths represent less than 
5 % of the total solar radiation spectrum, located in the UV region, they present low efficiency 
of sunlight use, Figure 3 [1] – [3], [67], [70], [117], [118]. The use of an artificial light source 
(UV lamps) that generates the photons required for the elimination of pollutants from water is 
one of the main source of costs, suggesting the use of sunlight as an economically and 
ecologically energy source [3], [61], [63]. 






























Figure 3 – Solar spectrum at the surface of Earth showing the different electromagnetic radiation [70].  
  
By doping the photocatalyst, a foreign atom is included into the TiO2 lattice inducing new 
properties in the pristine photocatalyst. The electrons excited from the valence band are 
captured by the dopant, which acts as an electron trap to delay the fast electron-hole 
recombination, and consequently enhancing the photocatalytic process. On the other hand, 
doping may lead to a new electronic state by introducing structural defects in the crystal lattice 
of the photocatalyst resulting in a decrease of the bandgap energy and therefore, improving 
the photocatalytic activity under visible light since it will expand the light absorption (λ > 400 
nm). Thus, doping the photocatalysts may enhance the efficiency of sunlight utilization [37], 
[67], [117], [119]–[122]. 
At the nanoscale, because of surface and size effects, semiconductor materials usually contain 
surface oxygen vacancies. By doping a catalyst it is possible to increase their amount. These 
surface oxygen vacancies are highly advantageous to the separation of photo-induced charges 




and play a role in the increment of surface hydroxyl amount, enhancing the photocatalytic 
activity [123]. 
As previously said, due to their wide bandgap, photocatalysts mainly absorb UV radiation. 
Therefore, efforts have been made to extend the spectral response of photocatalysts to the 
visible region. Doping with nonmetal elements, as nitrogen or carbon narrows the bandgap 
and drives the catalytic response to visible light. Oxygen vacancies also contribute to the 
absorption in the visible light region [37], [66], [74], [124]. 
Metal ion dopants influence the photo-reactivity of semiconductors by altering the charge 
carrier recombination rates. The dopant ions act as traps for the photogenerated electrons and 
thus increasing the lifetime of the photogenerated charge carriers resulting in an increased 
photocatalytic activity [125]. Additionally, by accelerating the transfer of electrons to the 
dissolved oxygen molecules in water, due to electron trapping, superoxide anion radicals are 
produced as a result of oxygen reduction and in successive reactions more hydroxyl radicals 
will be produced [37], [66], [74], [125], [126]. 
Rare earth elements belong to the class of lanthanides plus scandium and yttrium. The 
incorporation of these ions into the photocatalyst matrices improve the adsorption of the 
organic pollutants into the catalyst because they form metal complexes with several Lewis 
bases [127], [128] and enlarge the absorption of visible light of the semiconductor by 
narrowing its bandgap due to the generation of intermediate energy states which reduces the 
bandgap [128]. Doping elements as cerium and erbium have been shown to be efficient [86], 
[92]–[94], [66]. 
  
2.4 IMMOBILIZATION: AN AID FOR REUTILIZATION 
In heterogeneous photocatalysis, the catalyst can be employed either in a colloidal or in an 
immobilized form. Whenever the particles are dispersed in the aqueous phase, the depth of 
penetration of radiation is limited due to absorption/scattering by the catalyst particles and by 
dissolved species [7], [91], [130].  
Other problems are related to the recovery of the particles after treatment. In this context, the 
main aim of using the immobilized form over the suspension form is that the costly and extra 
final filtration or sedimentation process can be avoided [72], [106], [131], [132]. This is 
especially important in the case of water decontamination. Additionally, immobilizing the 
photocatalyst favors its reusability.  
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This section discusses some of the substrates described in the literature that are used to 
immobilize the catalyst, focusing on the use of polymeric substrates and immobilization in 
particles with a magnetic core.  
The supports of the catalyst must be inert, inexpensive, durable, erosion and corrosion 
resistant, UV resistant, and they need to have a high specific surface area with a strong 
capability for immobilizing the catalyst so that the particles do not get unattached from the 
support [40], [133]–[135]. One main issue with this system is the lower degradation 
efficiencies compared to the suspended system caused by a reduction in the catalyst surface 
area and lower radiation exposure [91], [136], [137].  
Diverse efforts have been made to select appropriate supports for photocatalysts as there are 
different types of substrates on which photocatalysts have been immobilized [40], [41], [54], 
[76], [91]. Examples include the immobilization on glass [138], [139], stainless steel [54], [77], 
silica films [140], perlite [54], optical fibers [57], [136], [141], [142], and polymers [143]–[149]. 
Various immobilization techniques such as chemical vapor deposition (CVD), dip coating, sol-
gel, and electrospinning have been employed to achieve this immobilization [136], [150], [151]. 
Gas phase methods (e.g. CVD) are mostly used for the deposition on glass and metals, while 
liquid phase methods (e.g. dip coating) are used for deposition onto polymeric and heat 
sensitive substrates [152]. Dip coating requires simple equipment and mild conditions is 
difficult to achieve by gas-phase methods [152]. Electrospinning, on the other hand, seems to 
be a good immobilization method because it is a simple low cost method used to produce 
electrospun membranes with low intramolecular defects [153]–[155]. Using this method, one 
can produce embedded photocatalytic nanoparticles in a polymeric fiber matrix with small fiber 
diameters and high surface area, which in turn leads to increased photocatalytic performance 
[153]. Electrospinning uses electrostatic forces to produce fine fibers from polymer solutions. 
It requires three major components: a high voltage power supply, a spinneret and a grounded 
collecting plate [154]–[157]. An electrode is placed into the polymeric solution inducing a 
charge on the surface of the solution. As the electric field increases, the repulsive electrostatic 
forces overcome the surface tension and the solution is ejected to the collector. During 
ejection, the solvent evaporates leaving the polymer fibers [155].  
For glass-supported catalysts, it was shown the formation of oxygen bridges between 
hydroxyl groups that bound to the catalyst surface and the supporting glass plate during 
thermal treatment, strengthening the adherence of the catalysts onto the glass [54].  




Perlite, a volcanic glass with the capacity to expand 4 to 20 times of its volume when heated, 
achieving a porosity greater than 95 %, is a good support for photocatalysts because it is 
naturally abundant, inert, inexpensive, has high porosity, low density, and shows no toxicity. 
Due to its low density it can easily float in water even after being coated with the 
photocatalyst. It can be in direct contact with the polluted solution and the radiation source at 
the same time, without the need for the radiation source to be immersed in water [40], [54]. 
Hosseini et al. [54] compared the performance of TiO2 coated onto three support materials, 
namely steel fiber, glass, and perlite in the photocatalytic degradation of phenol. The catalyst 
coated on glass plates had the best performance among the three. About 5 % of the original 
weight of TiO2 was washed-out when perlite and steel fiber coated catalysts were used, which 
might explain the better performance by using glass. 
Another relatively easy way of separating the catalyst from water is by coating a magnetic 
core with a catalyst shell. These particles can easily be separated from the treated water, 
under the application of an external magnetic field, and reused [76].  
The immobilization of the catalyst allows reducing the costs associated with this process, 
which is of great practical importance. On the one hand, this eases the reusability of a 
photocatalyst; on the other hand, it overcomes the difficulty of removing it from the treated 
water. 
 
2.4.1 Polymeric immobilization 
Recently, polymer nanocomposites have received significant attention, with several works 
reporting on new properties of polymers when nanoparticles are added to the composite 
[158]. Polymeric materials are inert, inexpensive, mechanically stable, and highly durable, 
which fits the conditions of an ideal support material [134], [136], [159], [160]. 
Several kinds of photocatalytic polymeric nanocomposites have been reported in the literature, 
such as TiO2 immobilized in silicone, polypropylene, poly(vinylidene difluoride), polyvinyl 
pyrrolidone, and poly(methyl methacrylate), among others [134], [136], [161]. This work 
focuses on two polymers, poly(methyl methacrylate) (PMMA) and the co-polymer 
poly(vinylidene difluoride-co-trifluoroethylene) (PVDF-TrFE).  
PVDF-TrFE copolymers have attracted interest due to their chemical resistance, good 
mechanical properties, and excellent electroactive properties. Because of the C–F bonds in 
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the polymer chain it presents chemical, thermal, and mechanical resistance. Moreover, this 
polymer presents good UV radiation resistance, making it suitable for photocatalytic 
applications [162]. A form of immobilization of the photocatalytic nanoparticles in a PVDF-TrFE 
copolymer is by solvent casting. With this technique it is possible to obtain a high pore 
interconnectivity degree, porosity, and pore size [163]–[165]. These are key parameters that 
permit water to penetrate in depth into the films, increasing the surface area of the material 
and consequently, higher photocatalytic activity is achieved. The rate of solvent evaporation is 
important in shaping the microstructure. For instance, a rapid evaporation of the solvent may 
cause the formation of a less porous structure [165]. The microporous structure of PVDF-TrFE 
is suitable for the immobilization of nanoparticles [166].  
PMMA is a common thermoplastic material used in many applications for its mechanical 
properties and environmental stability. It is also an economical and hydrophobic polymer 
suitable to contact with food and beverages [148], [167]. PMMA is an excellent substrate for 
inorganic particles and therefore, the incorporation of TiO2 into a PMMA matrix has attracted 
much attention. However, only a few studies addressed the applications of the PMMA/TiO2 
nanocomposites for water treatment [133], [148], [149], [168]. 
 
2.4.2 Magnetic nanoparticles 
Magnetic nanoparticles provide a suitable approach to recover and reuse of magnetized 
photocatalysts from water by applying an external magnetic field. Several magnetic materials 
can be used as a core to immobilize the photocatalyst at its surface, for example, magnetite 
(Fe3O4), hematite (Fe2O3), ferrite (NiFe2O4), and barium ferrite (BaFe2O4) [137], [169]–[171]. 
Other materials, such as cobalt and nickel, are not commonly used due to their toxicity [172]. 
Therefore, because of their low cost, strong magnetic characteristics, and relative ease of 
preparation, the most popular magnetic materials are iron oxides [172]. A photocatalyst 
coating at the surface of the magnetic particles attributes its photocatalytic activity [169]. A 
passive layer inserted between the magnetic core and the photocatalyst is important to 
protect the magnetic core from oxidation [172], prevent the photodissolution of iron, and 
decrease the electron-hole recombination centers [76], [169], [173]. Furthermore, because of 
the hydrophobic properties of Fe3O4, they are not easily encapsulated in a TiO2 shell [171]. 
This passive layer can be made of silica [169], [173], carbon [169], aluminum nitride [172], and 
polymers [169], [174]. Photocatalytic magnetic particles work as an immobilized form of the 




catalyst but offering higher surface area and a better defined pore size [169], [170]. Figure 4 
represents a magnetic photocatalytic particle.  
 
Figure 4 – Representation of a magnetic photocatalytic particle. 
 
A recent study showed that the efficiency of the TiO2/SiO2/Fe3O4 photocatalyst was almost as 
high as the one of suspended P25 TiO2 (AEROXIDE, Evonik). It has also shown good reusability 
and no loss of efficiency within four repetitive experiments [76]. 
 
2.5 FIELD OF APPLICATIONS 
Over the past years, a large number of environmental applications of photocatalytic technology 
have emerged. Self-cleaning and -sterilization surfaces, photoreactors for water and air 
treatment, among others, have been described in the literature, Figure 5 [48], [62].  
Photocatalysis can be applied in environmental decontamination, improving water and air 
quality. Illuminated photocatalysts can breakdown numerous organic compounds by oxidation 
into CO2, H2O, and mineral compounds. These organic compounds can be, for instance, 
hydrocarbons from transport and industrial origins, pollutants in water, and volatile organic 
compounds (VOC) found in various building materials and furniture [48], [63], [175], [176].  
Self-cleaning materials appear to be improved by the addition of photocatalysts. These 
materials are mostly used in the exterior, such as tents and on the exterior of buildings [62], 
because they are exposed to sunlight and natural rainfall [37], [48]. Furthermore, illuminated 
TiO2 by UV shows hydrophilic characteristic, thus making it suitable for applications in anti-
fogging mirrors and air conditioners [37], [48].  
With regard to the realm of applications for self-sterilizing materials, it is worth mentioning 
that photocatalysts exhibit disinfecting properties, making them good candidates for 
application in self-sterilizing surfaces [177], [178]. The sterilization properties arise from the 
ability of the photocatalysts to oxidize microorganisms into CO2, H2O, and mineral substances, 
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via an equivalent process to that of pollutants. One of the first experiments regarding this 
feature demonstrated the decomposition of bacteria via photocatalysis, by comparing the 
evolution of a population of Escherichia coli suspensions on a TiO2 coated glass plate and in a 
control glass plate, without TiO2 [37]. In both scenarios the glass plates were illuminated by 
UV radiation. Results showed that in the TiO2 coated plates, the initial bacteria population (3 x 
104 cells) had completely vanished within one hour of UV exposure, whereas in the control 
test, the population of bacteria declined at a much smaller pace, so that after 4 h under UV, 
the population of bacteria was only reduced to half. The above-mentioned properties indicate 
that photocatalysis appears to be a promising disinfection method [37], [48], [179], with 
potential applications in health care/medical environments and also in food industry, where a 
high level of sanitation and/or sterilization are required [37], [117]. 
 
Figure 5 – Scheme of the environmental applications of photocatalysis. 
 
This far, it has been primarily discussed the applications associated with the degradation of 
organic molecules and microorganisms for wastewater treatment, sanitation of food 
processing environments, and in disinfection of health-care/medical facilities. In addition to 
these fields, it seems also possible the application of photocatalysis for medical treatment, 
particularly oncologic treatments as the strong oxidizing power of the illuminated 
photocatalyst can be used to destroy tumor cells [58], [62], [180]. More specifically, 
experiments showed that the growth of subcutaneous tumors in mice can be inhibited by 
injecting in the tumor TiO2 solutions combined with UV exposure [181].  




Returning to the main focus of this research, photocatalysis has a large potential for application 
in the treatment of water polluted by contaminants at low to medium concentrations and 
therefore, it can improve the water quality of rivers, lakes and groundwater [37]. 
The next chapter describes the materials and methods used in the research projects studied 
in this thesis. 
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This section is dedicated to presenting all the materials used in the research projects that 
embodies this thesis. The specific used materials are listed in the tables of the following 
subsection (§3.1), together with the supplier, and according to the purpose. Therefore, Table 
3 identifies the tested commercial photocatalysts, and the compounds used as test models 
to assess the efficiency of the catalysts are listed in Table 4. The compounds used in the SPE-
HPLC-MS/MS method (for details consider subsection 3.4.4) are indicated in Table 5. Table 6 
identifies the materials used in the synthesis of photocatalysts, in the immobilization of the 
photocatalysts, as well as several relevant materials used in the characterization of the 
produced photocatalytic nanomaterials.  
With respect to methods, the production of these materials is described in section 3.2. As 
introduced in section 2.4, two forms were used to immobilize the photocatalysts. First, the 
photocatalysts were immobilized into a polymeric matrix by two different techniques: solvent 
casting and electrospinning. Two polymers were tested, PMMA and PVDF-TrFE, as discussed 
in section 2.4.1. Second, it is described the immobilization onto a magnetic core, previously 
introduced in section 2.4.2. This is followed by the description of the methods used on the 
characterization of the produced photocatalytic nanocomposites (subsection 3.3), and the 
experimental conditions to assess their photocatalytic activity (subsection 3.4). Moreover, the 
toxicity of illuminated TiO2 and ZnO nanoparticles is described in subsection 3.5. 
 
3.1 MATERIALS 
The specific used materials are listed in the following tables, together with the supplier, and 
according to the purpose.  
 
Table 3 – Materials and suppliers of the used commercial photocatalysts. 
Material Supplier 
Titanium dioxide P25 Evonik  
Tungsten trioxide Sigma Aldrich 
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Methylene blue Merck 
 
Table 5 – Materials and suppliers of the compounds used in SPE-HPLC-MS/MS in section 4.2. 
Material Supplier 
Amitriptyline D3 AstraZeneca 
Gabapentin D10 Pfizer 
Carbamazepine D10 
Sigma Aldrich 
Formic acid (LC-MS)  
Lamotrigine 12C, 15N4 
Na2EDTA (ACS reagents) 
Trimipramine D3 










LG C Standards 
Venlafaxine D6 
Venlafaxine D6 Wyeth 
Water (HPLC-grade) VWR 
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Table 6 – Materials and suppliers of the compounds used to synthesize the photocatalysts, produce the 
nanocomposites, and used in the characterization and detection. 
Material Supplier 
Isopropanol Carl Roth 
Acetonitrile (HPLC-grade) 
Panreac Potassium permanganate 









Graphite (99.99 %) 
Methylethylketone 
Potassium bromide (FTIR-grade) 
Tetraethyl orthosilicate (TEOS) 
Titanium (IV) isopropoxide 
Iron (III) chloride hexahydrate 
Ethanol AppliedChem 
Formic acid 
Merck Iron chloride tetrahydrate 
N,N-dimethylformamide 
Hydrochloric acid (in the production of TiO2/GO) 
Fisher Chemical 
Sulfuric acid 
Poly(vinylidene fluoride-co-trifluoroethylene) (70/30)  Piezotech 
Poly(methyl methacrylate) Lucite International 
Sodium hydroxide VWR 
Diluent and osmotic pressure solutions 
Macherey-Nagel 
Vibrio fischeri NRRL B- 11177 
Ultrapure water Milli-Q system (Millipore) 
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3.2 IMMOBILIZATION OF THE CATALYST ONTO A SUPPORT 
Three different techniques were used to immobilize the photocatalysts. Different catalysts 
were immobilized onto a polymeric substrate by solvent casting and electrospinning. Another 
immobilization was tested to compare to the previous nanomaterials. In this, a layer of TiO2 
was immobilized on a magnetic core coated with SiO2.  
As a result, seven materials were considered in this study, including: i) TiO2 and ii) ZnO 
immobilized onto poly(vinylidene fluoride-co-trifluoroethylene) (PVDF-TrFE) by solvent casting; 
the following nanocomposites prepared by electrospinning: iii) TiO2 immobilized onto 
poly(methyl methacrylate) (PMMA), iv) TiO2, v) TiO2/GO, and vi) WO3 immobilized onto PVDF-
TrFE; and vii) TiO2 immobilized onto a magnetic core coated with silica. The immobilization 
techniques are described in the following sections. For convenience, the description of the 
immobilization methods is organized into different sections. 
 
3.2.1 PVDF-TrFE/TiO2 and PVDF-TrFE/ZnO nanocomposite films 
The PVDF-TrFE nanocomposite films with 5, 8, 10, 15 % wt. TiO2 P25 and 15 % wt. ZnO were 
prepared by solvent casting by adding the TiO2 or ZnO nanoparticles to 9.5 mL of N,N-
dimethylformamide (DMF). This solution was placed in an ultrasound bath (Elma, Elmasonic S 
30H) for 4 h to achieve a good dispersion of the nanoparticles in the solution. 1 g of PVDF-
TrFE was then added to the solution, with a concentration of 10 % wt., and stirred until 
complete dissolution. Lastly, this solution was placed in a glass Petri dish and the DMF was 
evaporated at room temperature, Figure 6. 
 
Figure 6 – Scheme of the preparation of the nanocomposite films. 
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3.2.2 PMMA/TiO2 electrospun nanocomposites  
PMMA nanocomposites were obtained by electrospinning. The electrospinning process was 
performed according to the method described by Vild, et al. [144] and it is depicted in Figure 
7. The samples were prepared by dispersing in an ultrasonic bath (Soniclean, 250TD), for 4 h, 
different concentrations of TiO2 P25 nanoparticles (10, 20 and 40 % wt.) in a 8:2 vol/vol 
solution of dichloromethane/N,N-dimethylformamide (DCM/DMF). Next, PMMA was added to 
the solution obtaining a polymer/solvent ratio of 10/90 (w/w) dissolving it at room temperature 
and stirred until obtaining a homogeneous solution. The polymer solution was then, inserted 
in a glass syringe fitted with a steel needle with different inner diameters (0.5, 1.0, and 1.7 
mm). Electrospinning was conducted at different applied electric fields (0.8, 1.0, and 1.4 kV 
cm–1) with a high voltage power supply from Gamma High Voltage. A syringe pump 
(KDScientific) was used to feed the polymer solution into the needle tip, at different rates, 1.0, 
2.0, and 8.0 mL h–1. As the jet is expelled from the spinneret to the collector, the solvents in 
the jet stream evaporate and the solution jet is stretched, resulting in electrospun fibers mats, 
collected at 15 cm from the needle tip. The produced electrospun nanocomposites will be 
referred as PMMA/TiO2 from hereafter. 
 
Figure 7 – Scheme of the preparation of the electrospun nanocomposites. 
 
This experiment was done in collaboration with the School of Mechanical, Materials and 
Mechatronic Engineering at the University of Wollongong (Australia). 
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3.2.3 PVDF-TrFE electrospun nanocomposites  
Preparation of TiO2/GO  
Graphene oxide (GO) was produced by chemical exfoliation of graphite flakes based on the 
method described by Hummers and Offeman [182]. At room temperature, 2 g of graphite 
were dispersed in 50 mL of concentrated H2SO4. Then, the suspension was cooled to 0 °C in 
an ice bath and 7 g of KMnO4 was added. The temperature was then brought up to 35 °C in a 
water bath and kept under continuous stirring for 2 h. Later, the suspension was cooled in an 
ice bath and H2O2 (30 % wt. in water) was added until the gas evolution ceased to reduce the 
residual permanganate and manganese. The final suspension was first washed with an HCl 
solution (0.1 mol L–1) and then with distilled water by filtration until the washed water reached 
a pH of 7. The particles were later centrifuged at 3,000 rpm. GO was kept in an aqueous 
dispersion of 4 g mL–1.  
The composite nanoparticles were prepared based on a one-step hydrothermal method 
described by Zhang et al. [183], in which, 0.25 mL of the 4 g L–1 previously prepared solution 
was added to a mixture of 40 mL deionized water and 20 mL ethanol and stirred for 1 h. Next, 
100 mg of TiO2 P25 was added to the solution and it was stirred for 2 h until achieving a 
complete homogenization. Lastly, 15 mL of this suspension was introduced in a 20 mL Teflon 
lined autoclave and it was kept for 3 h at 120 °C. The resulting TiO2/GO was washed with 
deionized water several times and later freeze-dried. As a comparison to the produced 
nanocomposite, the commercial TiO2 P25 nanoparticles were subjected to the same 
hydrothermal treatment. 
This experiment was done in collaboration with the Department of Mechanical Engineering 
and the Department of Chemistry at University of Aveiro (Portugal) and with the Department 
of Physics at the University of Minho (Portugal). 
 
Immobilization of TiO2, WO3, and TiO2/GO onto PVDF-TrFE electrospun nanocomposites 
PVDF-TrFE electrospun nanocomposites were obtained by electrospinning, Figure 7. The 
samples were prepared by dispersing for 4 h in an ultrasonic bath (Bandelin, model Sonorex 
Super RK106), different concentrations of TiO2 P25 (5 and 20 % wt.), TiO2/GO (3, 5, 8, and 20 
% wt.), and WO3 (20 % wt.) in a solution of DMF and MEK (85/15 vol/vol). PVDF-TrFE was 
then added to the solution, obtaining a final polymer concentration of 15 % wt., dissolving it 
at room temperature and stirred until obtaining a homogeneous solution. The electrospinning 
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process was performed according to the method described by Sencadas et al. [184], in which, 
the as-prepared solutions were placed in a syringe with a steel needle with gauge 22, and 
a spinneret. Electrospinning was conducted at 1.0 kV cm–1 using a voltage source from 
Glassmann (PS/FC30P04) for the TiO2 and TiO2/GO nanocomposites and Gamma High Voltage 
for the nanocomposites with WO3. It was used as a syringe pump (Syringepump for the TiO2 
and TiO2/GO nanocomposites and KDScientific for the nanocomposites with WO3) to feed the 
polymeric solutions into the spinneret at a flow rate of 0.5 mL h–1. The electrospun fibers mats 
were collected at 15 cm from the needle tip. Hereafter, the produced electrospun 
nanocomposites will be referred as PVDF-TrFE/TiO2, PVDF-TrFE/TiO2/GO, and PVDF-
TrFE/WO3. 
These experiments were done in collaboration with the Department of Mechanical 
Engineering and the Department of Chemistry at the University of Aveiro (Portugal), the 
Department of Physics at the University of Minho (Portugal), and in collaboration with the 
School of Mechanical, Materials and Mechatronic Engineering at the University of Wollongong 
(Australia). 
 
3.2.4 Magnetic nanoparticles 
The method used to prepare the magnetic particles was adapted from two previously reported 
works. The magnetic core of the photocatalytic particles was synthesized according to the 
methods of Kang et al. [185] and the method used to produce the silica and the TiO2 layers of 
the photocatalytic magnetic particles was adapted from the work of Alvarez et al. [76]. 
 
Synthesis of Fe3O4 
The magnetic nanoparticles were prepared by mixing 0.85 ml HCl (37 %), 25 ml ultrapure 
water, 5.2 g of FeCl3.6H2O, and 3.825 g of FeCl2.4H2O. This solution was then inserted in an 
ultrasonic bath (Elma, model Elmasonic S 30H) for 10 min. 15 g of NaOH was dissolved in 250 
ml of ultrapure water and later, the solution in the ultrasonic bath was added dropwise to this 
solution, under constant stirring. The obtained Fe3O4 nanoparticles were separated by a 
magnet, washed with water and dried in an oven at 100 °C. The obtained dried powder was 
then placed in a mortar and grounded.  
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Synthesis of Fe3O4/SiO2 
The next step is the coating of the previously prepared magnetic particles by a passive layer 
through a classical Stöber method [169], [171], [173]. 120 mg of the synthesized Fe3O4 
nanoparticles were dispersed in 50 mL of isopropanol and sonicated in an ultrasonic bath for 
15 min at a temperature inferior to 35 °C. Later, it was prepared a solution of 50 ml of ultrapure 
water, 150 ml of isopropanol, and 6 ml NH4OH and this solution was added to the previous 
mixture. The mixture was sonicated for 30 min. Next, 120 µl of TEOS was added to this 
solution and this final solution was sonicated with simultaneous stirring for 3 h. The obtained 
Fe3O4/SiO2 particles were separated with a magnet, washed 3 times with ethanol and dried 
overnight in an oven at 65 °C. 
 
Synthesis of Fe3O4/SiO2/TiO2 
4 ml of titanium (IV) isopropoxide was added to the as-prepared Fe3O4/SiO2 particles and 
sonicated for 30 min at a temperature inferior to 35 °C. Then, 2 drops of HNO3 and 100 ml of 
ultrapure water were added to the solution and stirred overnight at room temperature. Later 
the solution was stirred for 5 h at 50 °C. The Fe3O4/SiO2/TiO2 particles were separated using 
a magnet, washed with ultrapure water and dried in an oven at 140 °C for 30 min. 
 
3.3 CHARACTERIZATION OF THE CATALYSTS AND NANOCOMPOSITES 
Photocatalytic nanoparticles are mainly characterized by their: i) shape, ii) size, iii) pore volume 
and distribution, and iv) surface area. Selectivity, toxicity, lifetime, ease of preparation, and 
cost are parameters to consider when choosing the ideal catalyst [71]. Different techniques, 
such as UV–Vis reflectance spectra, Brunauer-Emmett-Teller (BET) method, scanning electron 
microscopy (SEM), X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), 
among others, were used to physically characterize the produced photocatalysts.  
The different characterization techniques used in this work and previously described, are 
mentioned along this section. 
 
Crystallographic phase 
The crystallographic phase of the nanoparticles was identified by X-ray diffraction (XRD), 
operated at room temperature, with a Cu 𝐾𝛼 radiation (𝜆 = 1.54 Å). The diffractograms were 
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analyzed in Match 1.10 (Crystal Impact) software. Table 7 summarizes the experimental 
conditions used to determine the crystallographic phase of the nanoparticles. 
 
Table 7 – Equipment and experimental conditions to determine the crystallographic phase of the 
different materials. 
Material Equipment Experimental conditions 
Nanoparticles 
TiO2 P25 
Philips PW 1710 40 kV; 30 mA 
ZnO 
TiO2 
Philips X'Pert 40 kV; 50 mA 
TiO2 /GO 
Fe3O4/SiO2/TiO2 Philips PW 1710 40 kV; 30 mA 
 
Specific surface area 
The specific surface area of the commercial photocatalysts ZnO and TiO2 P25, and the 
produced Fe3O4/SiO2/TiO2 was determined by Brunauer-Emmett-Teller (BET). It was obtained 
from the nitrogen adsorption isotherms, measured at liquid nitrogen. All samples were 
previously degassed. Table 8 reports on the experimental conditions to determine the specific 
surface, namely the degassing conditions, the equipment and the nitrogen temperature. 
 
Table 8 – Equipment and experimental conditions to determine the specific surface area of the different 
materials. 
Material Degassed  Equipment 





















The morphology and the microstructure of the photocatalytic nanoparticles and the 
nanocomposites were assessed by scanning electron microscopy (SEM). Prior to the SEM 
analysis, the particles were coated to gain conductivity and reduce the electric charge of the 
samples.  
Table 9 summarizes the SEM conditions indicating the respective used equipment, the 
selected coating and the accelerating voltage. 
The size distribution of the nanoparticles and the fibers of the polymeric nanocomposites 
prepared by electrospinning, measured in the micrographs, as well as the pore size 
distributions, were performed by using Image J software. 
 
Table 9 – Equipment and experimental conditions to determine the morphology of the different 
materials. 
Materials Equipment Coating Accelerating voltage 
Nanoparticles 
TiO2 P25 
JEOL JSM–6490LV Carbon 
10 kV 
ZnO 25 kV 
TiO2 
Hitachi S4100 Carbon 25 kV 
TiO2 /GO 
Fe3O4/SiO2/TiO2 
FEI Quanta FEG–650 
Gold 10 kV 
WO3 –  15 kV 
Solvent casting 
PVDF-TrFE/ TiO2 (P25) 
JEOL JSM–6490LV Carbon 10 kV and 25 kV 
PVDF-TrFE/ZnO 
Electrospinning 
PMMA/ TiO2 JEOL JCM–6000PLUS Gold 10 kV 
PVDF-TrFE/ TiO2 
Hitachi S4100 Carbon 25 kV 
PVDF-TrFE/ TiO2 /GO 








The zeta potential of the commercial TiO2 P25 and ZnO and the synthesized magnetic particles 
and TiO2 was determined by a Malvern nano–Z5 ZEN3600 with a Zetasizer software, at 25 °C, 
using a Ha-Ne laser (λ= 633 nm) and an detection angle of 173° in backscattering mode. These 
potentials were measured in electrophoretic cells containing the 100 mg L-1 of the 
photocatalyst in ultrapure water solutions at different pH. 1M of HCl and NaOH were used to 
adjust the pH of the samples. 
 
Magnetic properties 
The vibrating sample magnetometer (VSM) method was used on the magnetic 
characterization of the Fe3O4, Fe3O4/SiO2, and Fe3O4/SiO2/TiO2 particles. The magnetic 
hysteresis loops of the samples were obtained using an ADE 3473-70 Technologies VSM with 
an applied field of |20| kOe at room temperature. 
 
Absorption and reflectance 
The spectra of the photocatalysts were recorded on a Shimadzu UV–2501 PC UV–Vis 
spectrophotometer. The spectrophotometer was equipped with an integrating sphere 
attachment, using BaSO4 as a reference. The spectra of TiO2 P25 and ZnO were obtained in 
absorbance mode and the spectra of the other photocatalysts were obtained in reflectance 
mode. The bandgaps were calculated via the Kubelka-Munk equation (Eq. 15) and the Tauc 







Where F(R) is the Kubelka-Munk function and R∞ (=RSample /RBaSO4) corresponds to the 
reflectance of the sample. 
And the Tauc plot is represented by: 
[𝐹(𝑅)ℎ𝜈]
1
𝑛 versus hν Eq. 16 
In which h is the Planck constant (6.626 𝑥 10−19 J), ν is the frequency and n is the sample 
transition (for TiO2 [187] and WO3 [188], indirect allowed transition, n=2, and n= ½ for ZnO, as 
it has a direct allowed transition [189]).  
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Chemical structure  
The chemical structure of the nanocomposites and the chemical interaction between the 
photocatalysts and the polymeric matrix were assessed at room temperature by attenuated 
total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR). Table 10 lists the 
equipment and the resolution used to determine the chemical structure of the materials. 
 
Table 10 – Equipment and experimental conditions to determine the chemical structure of the different 
materials. 








PVDF-TrFE/ TiO2 (P25) 
Bruker Alpha 4 
PVDF-TrFE/ZnO 
Electrospinning   
PMMA/ TiO2 Shimadzu IRAffinity–1S 2 
PVDF-TrFE/ TiO2 
Bruker Alpha 4 
PVDF-TrFE/ TiO2 /GO 
PVDF-TrFE/WO3 Shimadzu IRAffinity–1S 2 
 
Wettability  
The wettability of the nanocomposites was performed at room temperature in a Dataphysics 
model Contact Angle System OCA20 device, using ultrapure water as a test liquid. The contact 
angles were measured by depositing 3 µL water drops on the surface of the sample and 
immediately analyzed with the SCA20 software. A minimum of 6 measurements was 
performed in different locations of the composites, for each sample, and the average contact 
angle was taken. 
For the sample of PVDF-TrFE (8 %) produced by electrospinning, the contact angle was 
measured using a Data Physics SCA20 microscope equipped with a camera, after 0, 5 and 
10 minutes of the drop being deposited, using side view drop photographs. The contact 
angle values were calculated by the software. The same process was repeated where the 
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samples were subjected to UV light for 30 minutes. The contact angle was measured at 
the instance of drop deposition and after 5 and 10 minutes, while still under UV irradiation. 
The final results were obtained as an average value and respective standard deviation of 
the three measured drops for every situation and nanocomposite. 
 
3.4 PHOTOCATALYTIC DEGRADATION SETUP 
Diverse works investigated the impact of the dissolved oxygen in water, the effects of pH, 
temperature and illumination on the photocatalytic properties of diverse materials. In this 
work, these parameters were kept constant so one can compare the different produced 
materials under the same experimental conditions. These experiments were performed at 
room temperature to simulate real conditions, avoiding the need of expensive extra steps, 
such as cooling or heating. The experiments were performed at pH 6–7 to mimic the 
recommended pH of the WWTP effluents and the irradiation intensity was kept constant for 
all experiments. Kisch and Bahnemann [113] proposed that for solid/liquid photocatalytic 
systems, the reaction rates should be measured under identical irradiation conditions with the 
same type of photoreactor. In this work, the parameters suggested by Kisch and Bahnemann 
were kept constant. Other parameters, such as the presence of different chemical species in 
solution and the influence of the concentration of the catalyst were here also examined. 
The photocatalytic materials were tested under UV and simulated sunlight to assess their 
photocatalytic activity and the results were compared. The photobleaching of methylene blue 
(MB), a heterocyclic aromatic thiazine dye, as a model pollutant was quantified by measuring 
its degradation rates. MB is the most used dye in photocatalysis [190]–[192] and it is 
suggested in ISO 10678:2010 as a standard photodegradation compound. Pharmaceuticals 
were also tested in these experiments, as well as an effluent from a WWTP.  
All experiments were carried out at room temperature and the degradation of the model 
pollutants was mostly determined by UV–Vis spectroscopy (Varian, model CARY–100) by 
analyzing the decrease of the corresponding absorption peak. Low concentrations of 
ciprofloxacin were additionally determined by HPLC, as well, as the effluent sample. By UV–
Vis spectroscopy, the concentration of the compound withdrew at different times can be 
estimated by the Lambert-Beer law, where the transmission of the incident light passes 
through the sample in a cuvette of 1 cm path length. The transmitted radiation is affected by 
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the concentration of the sample. As the concentration increases, the absorbance increases, 
and thus the transmitted light decreases, Eq. 17. 
𝐴𝑏𝑠=Ɛ 𝑙 𝐶 Eq. 17 
Where Abs corresponds to the absorbance of the sample, Ɛ is the molar coefficient of the 
studied compound, 𝑙 the length of the cuvette, and 𝐶 the concentration of the sample [126]. 
To compare the photocatalytic activity of each material, the values were systemized. The ratio 
(Ct /C0) % of the pollutants concentration after a determined reaction time (Ct) and at the time 
before exposing the solutions to radiation (C0) was adopted to evaluate the photocatalytic 
performance. Characteristic of an exponential function, this curve is asymptotic when the 
reaction time becomes infinite (which is impractical). Thus, the value Ct /C0 should be higher 
than 10 % to assure the regression.  
To calculate the reaction rates, the Langmuir-Hinshelwood model was used, which is 
expressed by Eq. 11 (subsection 2.2.1). 
 
3.4.1 Controls 
As a control, a sample in the absence of photocatalyst was irradiated for the same period of 
time and under the same conditions. As a negative control, a sample with the photocatalyst 
and devoided of irradiation was prepared. The absorbance was later measured by UV–Vis 
spectrophotometry (Varian, model CARY–100). 
 
3.4.2 Assessment of the photocatalytic properties under UV 
irradiation 
The photocatalytic degradation of model pollutants was carried out in borosilicate beakers 
(VWR) 70 mm height and with a dimeter of 50 mm (illuminated area 19.6 cm2). A volume of 
50 mL of the aqueous solution of the samples was used to assess the photocatalytic 
properties of the materials. The suspended photocatalysts, including the magnetic particles, 
were added to the solutions in a concentration of 1 g L-1, whereas the nanocomposites were 
fixed in the walls of the borosilicate beakers and totally immersed in the solutions. An area of 
25 cm2 (5 x 5 cm) was tested for all the immobilized nanocomposites, except for the following 
nanocomposites produced by solvent casting PVDF-TrFE/TiO2 (5, 10 and 15 %) and PVDF-
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TrFE/ZnO (15 %) in which an area of 16 cm2 (4 x 4 cm) was tested. Additionally, the PVDF-
TrFE/TiO2 and the PVDF-TrFE/TiO2/GO produced by electrospinning were tested under 
different conditions (see below). Prior to illumination, the solutions containing the catalysts 
were stirred in the dark for 30 min to achieve an adsorption-desorption equilibrium of the 
organic molecules on the surface of the photocatalysts. Then, to perform the photocatalytic 
degradation experiments, the samples were exposed to UV radiation under constant stirring. 
The illuminating device, manufactured by UMEX, was equipped with six Philips 8W (Emax=365 
nm) blacklight blue lamps. The UV intensity ranged from 1.6–1.7 mW cm–2 and was 
determined by a UV34 Lux Meter (PCE). The distance between the energy source and the 
samples was 15 cm, as depicted in Figure 8. Aliquots (1–1.5 mL) of the reaction solution were 
withdrawn at determined time intervals. Whenever a suspended catalyst was tested, the 
samples were centrifuged at 14,000 rpm for 40 min to remove the photocatalytic nanoparticles. 
After irradiation, the solutions treated with Fe3O4/SiO2/TiO2 were exposed to a magnet, to 
separate the particles from the solution, allowing the catalyst reusability.  
 
Figure 8 – Scheme of the photocatalytic degradation setup. UV illuminating device on the left and the 
analyzed sample under stirring on the right.  
 
For the assessment of the reusability of the composites, they were washed with ultrapure 
water under magnetic stirring for 10 min and then completely dried. To test their reusability, 
the photocatalytic degradation experiments were carried out under the same experimental 
conditions.  
 
TiO2 and TiO2/graphene oxide immobilized in an electrospun mat 
The UV photocatalytic degradation of 13 mL of a 3 mg L−1 methylene blue solution was 
performed with a 12 cm2 of PVDF-TrFE /TiO2 and PVDF-TrFE /TiO2/GO. The electrospun 
nanocomposites were immersed in a quartz cuvette (1 cm optical path) and irradiated with a 
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LED source (Thorlabs, 700 mA) with an excitation peak at 365 nm. The incident radiation over 
the sample was measured with a Delta Ohm irradiance meter and set on a radiation of 4 mW 
cm−2. The decolorization of MB was monitored every 2 min using a spectrophotometer 
(ScanSpecUV–Vis, ScanSci) in the range of 300–900 nm.  
These experiments were done in collaboration with the Department of Mechanical 
Engineering and the Department of Chemistry at University of Aveiro (Portugal) and with the 
Department of Physics at the University of Minho (Portugal). 
 
Reactor  
The photocatalytic performance of the Fe3O4/SiO2/TiO2 particles was additionally tested in a 
model flow reactor with a capacity of 206 mL, as described by Le et al. [193]. The mentioned 
flow reactor has 6 canals dimensioned 25 × 120 × 11 mm with a flow rate of 2.28 L min-1. The 
illuminated surface is made of 3.3 mm Schott BOROFLOAT®33 glass with more than 90 % 
UVA transmittance [194]. 5 mg L–1 ciprofloxacin was exposed to UV and the magnetic 
particles, as in Figure 9.  
 
Figure 9 – Scheme of the photocatalytic degradation setup using a flow reactor. UV illuminating device 
on the left, the flow reactor containing the sample in the middle, and the pump on the right. 
 
The 500 mL ciprofloxacin solution was poured into a 500 ml quartz Erlenmeyer flask and then 
1 g L–1 Fe3O4/SiO2/TiO2 particles were added to the flask. Agitation in the dark was done for 30 
minutes. A UV lamp (UMEX GmbH) with an intensity peak wavelength at 365 nm was used 
as a light source, and the UV intensity was kept constant as the previous experiments (1.6–
1.7 mW cm–2, lamp placed at 15 cm distant from the reactor). A pump (Micropump, model 
132–665–316) with a flow rate of 2.82 L min–1 was used to maintain the flow of the previous 
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solution in the reactor. Samples were collected at determined time intervals and analyzed in 
a UV–Vis spectrophotometer (Varian, model CARY–100), to monitor the degradation of the 
antibiotic. 
 
Determination of the photocatalytic degradation of Ciprofloxacin by high-performance 
liquid chromatography (HPLC) 
The photocatalytic degradation of ciprofloxacin, additionally to its assessment by 
spectroscopy, was also evaluated by HPLC. These samples were filtered with the Spartan 
13/0.2 RC filter pore size 0.2 μm (Whatman TM). The HPLC system consisted of an Ultra 
HPLC (Shimadzu Nexera XZ) equipped with a diode array detector (SPD-M20A, Shimadzu), 
an autosampler (SIL-30AC, Shimadzu), a degassing unit (DGU-20A5R,Shimadzu), a RP-18 
endcapped Purospher Star column (250 mm x 4 mm, 5 µm particle size, from MERK), and 
an LC-20AD pump (Shimadzu). The data acquisition was performed by Labsolutions 
software. The mobile phase was composed of two solvents: 0.1 % formic acid solution 
and acetonitrile (ACN, Panreac) at HPLC analytic grade. The compounds were eluted at a 
flow rate of 0.8 mL min-1 at 40 ºC, with an increase from 5 % to 15 % of ACN over 6 min 
and followed by an isocratic gradient during 12 min, then from 15 % to 40 % of ACN 
during 12 min. The samples were monitored at 275 nm. 
These experiments were done in collaboration with the Department of Physics and the Centre 
of Biological Engineering at the University of Minho (Portugal), and the Faculty of Engineering 
at the University of Porto (Portugal). 
 
3.4.3 Assessment of the photocatalytic properties under simulated 
sunlight 
To assess the photocatalytic activity of the nanocomposites under simulated sunlight, 
samples of 60 cm2 area were placed covering the bottom of a flat beaker and then 50 mL of 
a solution of 2 mg L−1 MB was added. The flat beaker was placed in a sunsimulator 
(Ingenieurbüro Mencke & Tegtmeyer GmbH) and monitored with Susicontrol software 
(version 2.9.0), under a radiation of 9.8 mW cm−2. The photocatalytic degradation of MB under 
simulated sunlight was determined by analyzing the decrease of the absorption peak at 665 
nm using at UV–Vis spectrophotometer (Varian, model CARY–100). To calculate the rate 
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constant, the apparent reaction rate obtained by the dye without composite under simulated 
sunlight was subtracted to the apparent reaction rate obtained by the photocatalysts 
immobilized in the nanocomposites. 
 
3.4.4 Pharmaceuticals degradation present in a wastewater effluent 
The effluent sample from the WWTP Kaditz was filtered by a filter paper (VWR pore sizes 5–
13 µm) to remove suspended particulate matter. Thereafter, 1 g L−1 of suspended ZnO and 
TiO2 P25 was added to a volume of 100 mL of the effluent sample in borosilicate beakers 
(VWR). The photocatalytic degradation is described in subsection 3.4.2. 
Afterwards, the samples were analyzed by solid phase extraction liquid chromatography-
tandem mass spectrometry (SPE-LC-MS/MS) method, previously described in the work of 
Gurke et al. [24]. Briefly, 1 mL of the degradation experiment sample was adjusted to a pH of 
3 by adding formic acid and then spiked with 100 mL of the internal standard solution (10 mg 
L–1). In Table 11 the lower limits of quantification (LLoQ) of several pharmaceuticals are listed, 
including the drug class and the internal standard. The extraction of the samples was made 
by using an Abimed ASPEC XL (Gilson) with Oasis HLB 10 mg Extraction Cartridges (Waters). 
The eluates were evaporated to dryness at 50 ºC and re-dissolved in a 250 µL mixture of 
solvent A and solvent B (80/20, v/v). Solvent A (97/3/0.05; v/v/v) and B (5/95/0.05; v/v/v) were 
a composition of 2 mM ammonium acetate solution, acetonitrile, and formic acid. An LC-
MS/MS system, consisting of a Dionex-HPLC composed of an UltiMate3000 Pump and 
Autosampler (Thermo Fischer Scientific) with a Chromeleon 7 Chromatography Data System 
(Dionex Softron) and coupled to an API 4000 tandem mass spectrometer (AB Sciex) equipped 
with an electrospray ionization source, was used to analyze the samples. The chromatographic 
separation was performed with a Synergi 2.5u HydroRP 100A, 100 mm x 2.0 mm and a C18 
security guard 4 mm x 2 mm, both Phenomenex, using a multistep gradient out of solvent A 
and B with a total runtime of 15 min. It was chosen an injection volume of 20 µL for the 
analysis. The mass spectrometric studies were assessed in multiple reaction monitoring 
modes with positive electrospray ionization. Analyst data system 1.6 (AB Sciex) was used for 
regression analysis of the calibration curves, the evaluation of the peak area, and calculation 
of concentrations. 
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Table 11 – Analyzed pharmaceuticals and respective lower limit of quantification (LLoQ). 
Pharmaceutical Drug class Internal standard LLoQ 
Carbamazepine 
Anticonvulsant 
Carbamazepine D10 50 ng L–1 
Gabapentin Gabapentin D10 200 ng L–1 
Lamotrigine Lamotrigine 12C, 15N4 50 ng L–1 
Oxcarbazepine Carbamazepine D10 50 ng L–1 
Venlafaxine Antidepressant Venlafaxine D6 50 ng L–1 
Bisoprolol 
Beta blocker 
Oxprenolol 50 ng L–1 
Celiprolol Oxprenolol 50 ng L–1 
Talinolol Venlafaxine D6 50 ng L–1 
Bezafibrate Lipid-lowering drug Warfarin 50 ng L–1 




Amitriptyline D3 50 ng L–1 
Eprosartan Venlafaxine D6 50 ng L–1 
Ibersartan Trimipramine D3 50 ng L–1 
Valsartan Valsartan D9 100 ng L–1 
 
In contrast to this previous experiment with the effluent, 50 mL of ultrapure water was also 
artificially spiked with 12 mg L–1 carbamazepine and 1 g L–1 of ZnO or TiO2 added to the 
solutions. The suspensions were then exposed to UV under continuous stirring. The 
procedure was previously described in subsection 3.4.2. 
These experiments were done in collaboration with the Faculty of Medicine Carl Gustav Carus 
at the TU Dresden (Germany). 
 
3.5 TOXICITY ASSAYS 
In this work, it was used the bioluminescent bacteria Vibrio fischeri NRRL B-11177. The 
bacteria was stored at -18 ºC. The inhibition of the bacteria bioluminescence was determined 
in a static test by mixing a defined amount of a sample with a suspension of luminous bacteria. 
Subsequently, the inhibition of the luminescence in the sample was determined in comparison 
to an uninhibited control solution. The Vibrio fischeri toxicity assays were performed according 
to the standard ISO 11348-3 “Water quality - determination of the inhibitory effect of water 
samples on the light emission of Vibrio fischeri (Luminescent bacteria test)”, using the method 
freeze-dried bacteria [195], [196]. Since the luminescence intensity increases by increasing 
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the cells concentration, a bacteria concentration of 1.5 x 106 cells mL-1 instead of the 
concentration proposed by the ISO 11348-3 (1.0 x 106 cells mL-1) was used in this work. 
ZnSO4 .7H2O was used as a positive control as suggested by the ISO 11348-3. 
The toxicity assays were performed by mixing 500 µL of the sample to be tested, salinity 
previously adjusted, with 500 µL of the bacterial suspension. They were carried out by using 
a 96 well optical bottom plate polymer base black plates (Nalge NuncTM International) in a 
microplate reader Biotek® Cytation3. Kinetic mode gives the continuous behavior of the 
bacteria during the test time and the area scanning mode shows the luminescence distribution 
in each well. In accordance to the ISO 11348-3, the samples were prepared in Eppendorf of 1 
mL, however, a volume of 200 µL was transferred to the microplates for reading.  
The tested samples included 1 g L-1 of the commercial TiO2 P25 and ZnO nanoparticles 
suspended in ultra-pure water irradiated under UV at increasing times (t=0 min to t=45 min). 
The samples were collected at determined time intervals and they were later centrifuged at 
14,000 rpm for 40 min to remove the nanoparticles. All samples were performed in triplicates. 
The intensity of luminescence was read at different contact times (Ct) between the bacteria 
and the photocatalyst. The toxicity evaluation of the samples is based on the luminescence 
inhibition (INH %) caused by the presence of the potentially toxic samples to the bacteria [197], 
[198], Eq. 18: 




 ×  𝐼𝑇0
) × 100 Eq. 18 
INH % was calculated based on the luminescence intensity after the tested contact times (Ct) 
corrected of the luminescence decay in the control sample; the IC0 is the initial luminescence 
intensity of the control sample in relative light units (RLU); ICT is the luminescence intensity 
of the control after the contact time in RLU; the IT0 is the luminescence intensity of the test 
sample at time 0; and the ITT corresponds to the luminescence intensity of the sample after 
the contact time in RLU. The toxicity of the samples was evaluated according the percentage 
of luminescence inhibition (Eq. 18).  
These experiments were done in collaboration with the Department of Physics and the Centre 
of Biological Engineering at the University of Minho (Portugal), and the Faculty of Engineering 
at the University of Porto (Portugal). 
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Pharmaceuticals are not only reaching wastewater treatment plants (WWTPs), but also 
permeating through the WWTPs effluents [3], [6]–[8], [11] and thus, polluting surface and 
ground water [15]. This leads to a potential increase of human exposure through 
bioaccumulated pharmaceuticals residues via the food chain [6] or direct exposure to 
contaminated water. Beside these potential risks, this form of pollution can detrimentally 
impact the public health due to indirect effects, such as increased antibiotic resistance and 
other unknown consequences resulting from long term exposure. Among pharmaceuticals, 
antibiotics, analgesics, and cardiovascular drugs have become ubiquitous in wastewater and 
surface waters [15], [16], [199], [200] because of their stability in water for considerable 
periods, such as carbamazepine, ciprofloxacin, and erythromycin [201]. Others, have short 
half-lives and are rapidly degraded, which is the case for amoxicillin, ibuprofen, bezafibrate, 
omeprazole, and sulfamethoxazole. Many of these pollutants are potentially toxic and harmful 
for human life and other living organisms. Moreover, the leaching of nanoparticles used in 
environmental mitigation materials might have a deleterious effect. On the one hand, it 
decreases the efficiency of the material, on the other hand, these nanoparticles might show 
toxicity to humans and fauna or flora [202], [203]. 
Hence, this chapter focuses on the degradation of model compounds by suspended 
photocatalysts, in the detection of pharmaceuticals in a WWTP effluent and their 
photocatalytic degradation and in the assessment of the matrix effect on the degradation 
properties. The toxicity of the used photocatalytic nanoparticles is also assessed. In addition, 
the experimental results of model pollutants obtained from their photocatalytic degradation 
were compared to the modeling approach of the system. A simulated model able to predict 
the experimental results is of highly importance for practical applications of these 
photocatalytic systems.  
The results of this chapter have been published in the following publications: 
 Hagen Eckert, Manfred Bobeth, Sara Teixeira, Klaus Kühn, and Gianaurelio Cuniberti 
(2014). Modeling of photocatalytic degradation of organic components in water by 
nanoparticle suspension. Chemical Engineering Journal (261), 67–75. (Subsection 4.1) 
 Ana R. Silva, Pedro M. Martins, S. Teixeira, Sónia A. Carabineiro, Klaus Kühn, Gianaurelio 
Cuniberti, Madalena M. Alves, Senentxu Lanceros-Mendez, and Luciana Pereira (2016). 
Ciprofloxacin wastewater treated by UVA photocatalysis: contribution of irradiated TiO2 
and ZnO nanoparticles on the final toxicity as assessed by Vibrio fischeri. RSC Advances 
(6), 95494–95503. (Subsection 4.1 and 4.3) 
 Sara Teixeira, Robert Gurke, Hagen Eckert, Klaus Kühn, Joachim Fauler, Gianaurelio 
Cuniberti (2016). Photocatalytic degradation of pharmaceuticals present in treated 
wastewater by nanoparticles suspensions. Environmental Chemical Engineering (4), 287–
292. (Subsection 4.2) 
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4.1 DEGRADATION OF MODEL COMPOUNDS1 
While illuminated by photons with an energy that exceeds the energy level of the 
photocatalyst bandgap, the photocatalyst shows photoconductivity. For titanium dioxide (TiO2) 
and zinc oxide (ZnO), the photon energy necessary to overcome the bandgap energy and 
excite an electron from the valence band to the conduction band can be achieved by radiation 
of a wavelength shorter than 390 nm [36], [60]. Because of their characteristics, electron-hole 
pairs are created which induce a series of reactions, generating free-radicals which are very 
efficient oxidizers of pollutants (twice that of chlorine) [36], [39], [42], [62], [76]. 
TiO2 is a biocompatible material, chemically inert, nontoxic, inexpensive, and shows high 
stability. It is photoactive and for this reason, it is used in photocatalysis [2], [40], [62], [204]. 
Its bandgap is 3.2 eV for anatase form [36]. TiO2 P25 (Evonik AEROXIDE), a commercially 
available product containing 70–80 % of TiO2 crystallized in the anatase phase and 20–30% in 
rutile, presents remarkable photocatalytic activity and its superiority against other grades of 
TiO2 is attributed to its crystallites. This morphology facilitates the electron transfer between 
the two phases, stabilizing the electron-hole pair separation and, consequently, preventing 
their recombination [2], [39]. 
ZnO is also considered a multifunctional material. It is a pyroelectric and piezoelectric 
semiconductor and therefore has other applications besides photocatalysis [205], [206]. The 
bandgap of zinc oxide is approximately 3.3 eV [207]. Due to its physical and chemical 
properties, and biocompatibility, ZnO is an interesting material for biomedicine and in pro-
ecological systems, among others [205], [208], [209]. 
Several compounds were used to assess the photocatalytic properties of suspended TiO2 and 
ZnO. Ciprofloxacin is a fluoroquinolone, a class of synthetic broad-spectrum antibiotics used 
in both human and veterinary medicine [14]. Ciprofloxacin, commonly used in the treatment 
of tuberculosis, digestive disorders, or pneumonia [14], [16], is one of the most prescribed 
fluoroquinolones in the world [16]. Cefuroxime is a broad-spectrum cephalosporin antibiotic. 
It is used in veterinary medicine in the treatment of mastitis and in human medicine for the 
treatment of different bacterial infections [210]. It has been detected in wastewater effluents 
at the concentration of 6.6 µg L-1 [211]. A high percentage of antibiotics are not fully 
metabolized in the body and are partially excreted in its pharmaceutical active form [16], [101] 
                                               
1 In collaboration with the Department of Physics and the Centre of Biological Engineering at the University of 
Minho (Portugal), and the Faculty of Engineering at the University of Porto (Portugal). 
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which might lead to adverse environmental effects, including the development of antibiotic 
resistance to aquatic bacteria, direct toxicity to microorganism, and possible risks to human 
health through drinking water and/or food-chain [109]. Metoprolol is a beta-blocker used for 
the treatment of hypertension, angina pectoris, and heart failure. The main route of excretion 
is via urine. It is one of the most prescribed drugs which makes it an emerging contaminant 
as it is pseudopersistent and exhibits potential ecotoxicity [212], [213]. Carbamazepine is used 
in the treatment of epilepsy, psychiatric disorders, and other conditions [214]. Because 
carbamazepine is frequently used in day to day life, the parent compound and some of its 
metabolites reach the WWTPs [215] and consequently, carbamazepine has been found to be 
ubiquitous and persistent in the rivers [13]. Iopromide is an iodinated contrast medium used 
to image internal body organs and blood vessels by x-ray or computerized tomography scan. 
It is given to patients at concentration range of g L-1 and it is usually excreted in the urine of 
the patients within 24 h. Due to its high hydrophilicity, it is persistent in water [216]. 
Textile dyes have a problematic action in the environment because even at very low 
concentrations, they can undesirably color the water, reducing the penetration of the sunlight, 
thus increasing the biochemical oxygen demand (BOD) and chemical oxygen demand (COD) 
levels. In heterogeneous photocatalysis, dyes are frequently used as model pollutants, partly 
because their concentration can be easily monitored by spectrometry. Methylene blue is a 
thiazine dye with many uses in a range of different fields, such as in biology and industry [108]. 
It is the most used dye in photocatalysis [190]. Aqueous methylene blue is suggested in ISO 
10678:2010 as a standard photodegradation compound. 
This section addresses the photocatalytic degradation of several pharmaceuticals and a dye, 
as model compounds by suspended photocatalysts. It starts with the characterization of the 
tested nanoparticles and then proceeds to the photocatalytic degradation of the compounds.  
 
Morphological characterization of the photocatalysts 
Titanium dioxide (TiO2) and zinc oxide (ZnO) were the selected photocatalysts to perform the 
degradation experiments. 
SEM images of the photocatalytic nanoparticles, Figure 10, show that TiO2 P25 particles have 
smaller sizes than the ZnO particles, in which the most observed sizes of the TiO2 P25 particles 
are under 30 nm and for ZnO is in the range of 150–200 nm. TiO2 was present as 
monodisperse nanospheres while ZnO has polydisperse acicular needles. The ZnO shape 
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depends on the synthesis methods but it usually has the shape of acicular needles and plate-
shaped crystals [206], [217]. Their specific surface area was determined by BET 
measurements. TiO2 P25 nanoparticles had a specific surface area of 56 m
2 g–1 and ZnO 
nanoparticles had a specific surface area of 5 m2 g–1, which are in accordance with the data 
provided by the manufacturer.  
 
 
Figure 10 – SEM images of a) TiO2 P25 and b) ZnO nanoparticles.Inset of the size distribution of 
measured nanoparticles (30 nanoparticles) estimated the average sizes as 25±3 and 251±83 nm 
for TiO2 and ZnO, respectively. 
 
XRD was used to assess the crystalline structures of ZnO and TiO2 nanoparticles, Figure 11. 
XRD patterns exhibited strong diffraction reflexes, for TiO2 nanoparticles, at 25°, 38°, 48°, and 
54° indicating the presence of TiO2 in the anatase phase, depicted in Figure 11 by a circle. It 
also exhibited strong diffraction reflexes at 27º, 55º, and 63º indicating the presence of TiO2 in 
the rutile phase, marked in Figure 11 as a triangle. All reflexes are in good agreement with the 
standard spectrum (JCPDS no.: 88–1175 and 84–1286) [33]. The three main phases of TiO2, 
anatase, brookite, and rutile present different photocatalytic activities, being anatase the most 
photocatalytic active [34], [36], [58], [218]. 
Under ambient conditions, ZnO exhibits a wurtzite crystal structure. Other crystal structures 
may also be found, as the case of zinc blende and rocksalt at higher pressure [219]. Regarding 
the XRD of ZnO nanoparticles, diffraction reflexes with 2θ values located at 32º, 34º, 36º, 47º, 
57º, and 63º have been associated with the hexagonal wurtzite phase. The squares in Figure 
11 correspond to the standard XRD pattern of wurtzite ZnO (JCPDS no.: 36–1451).The 
obtained results are also well related with the manufacturer results and with previous works 
[200], [201]. 
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Figure 11 – XRD pattern of the TiO2 and ZnO nanoparticles with the diffraction lines for anatase (○),  
rutile ( ), and wurtzite (■). 
 
UV–Vis spectra were measured to evaluate the optical response of both photocatalysts. Figure 
12 shows the UV–Vis spectra of TiO2, ZnO and the emission spectra of the used UV lamp. 
Both spectra consist of a single, broad intense absorption from ca. 410 nm to lower 
wavelengths. TiO2 has an intense absorption from ca. 410 nm to a maximum at 320 nm. 
Comparing the absorbance of both photocatalysts, ZnO has a broader absorbance as it is 
slightly shifted to higher wavelengths, from 380 to 340 nm. The absorption in this range 
corresponds to the intensity peak of the UV lamps and to the region where the light absorption 
occurs in both materials because of the bandgap excitation. 
 
























UV Lamp emission peak = 365 nm
 
Figure 12 – UV–Vis spectra of TiO2, ZnO, and representation of the UV lamp maxima at 365 nm. 
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The results of the zeta potential studies are shown in Figure 13. Zeta potential gives 
information on the electric charges in the periphery of the particles. These analyses are 
especially important in the degradation of organic compounds in water, as the adsorption of 
pollutants onto the substrate is pH dependent. This means that, if the photocatalytic 
nanoparticles and the micropollutants exhibit opposite charges, adsorption will be promoted, 
enhancing the photocatalytic activity [220], [221]. 























Figure 13 – Zeta potential of aqueous dispersions of TiO2 nanoparticles at different pH values. 
 
It is known that the equilibrium is normally found at zeta potential values superior to 30 mV 
and inferior to -30 mV [220], [221]. In Figure 13, the particles show stable suspensions at pH 
values lower or equal to 4 and equal or superior to 9. In this range, the peripheral charge on 
the surface of the nanoparticles is high, occurring the repulsion between nanoparticles, which 
avoids agglomeration and the consequent precipitation of the nanoparticles [220], [221]. The 
isoelectric point is at around pH 6.5. These results are consistent with the literature which 
indicates that the TiO2 charge is 0 at pH 6.8 and that TiO2 is positively charged at pH < 6.8 and 
negatively charged at pH > 6.8 [172], [173],[175], [223]. 
The photocatalytic nanoparticles used on the degradation of ciprofloxacin (Figure 15) were 
tested by FTIR to study the adsorption of ciprofloxacin onto the TiO2 surface. Figure 14 shows 
the FTIR spectra of TiO2 nanoparticles recovered after the degradation time 0, 15 and 45 min. 
FTIR analysis with ZnO nanoparticles was not performed because the nanoparticles dissolved 
in water hindering their recovery.  
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Figure 14 – FTIR analysis of the TiO2 P25 nanoparticles. The lines correspond to the TiO2 nanoparticles 
recovered at different times of degradation. The times are expressed next to the lines. 
 
The FTIR spectra of the TiO2 nanoparticles used in the degradation process, show an 
absorbance broad band at 3500–3200 cm-1 related with the stretching hydroxyl (O–H), which 
represents water as moisture. TiO2 characteristic band was found at 1635 cm
-1, indicating the 
stretching of titanium carboxylate, which is in accordance with the literature [224], [225]. 
Additionally, quinolone groups have their peak assigned to the N–H bending vibrations located 
at 1680–1600 cm-1 [226], [227]. The characteristic absorbance band of the cyclopropyl group 
from ciprofloxacin at 2900 cm-1 is also shown, except for the sample at 45 min. This is in 
agreement with other works that report a band at 3000–2950 cm‐1 [226], [227], representing 
the aromatic C–H stretching. 
The intensity of the characteristic band of ciprofloxacin increased from the nanoparticles 
recovered at t=0 min to the ones recovered at t=15 min, which indicates an increase in the 
concentration of ciprofloxacin adsorbed onto the surface of the nanoparticles. At the 
degradation time 45 min, the characteristic band disappeared, indicating the absence of 
ciprofloxacin on the surface of the nanoparticles. The absence of ciprofloxacin on the surface 
of the catalyst and in water means that it was degraded.  
 
Photocatalytic degradation 
Pollutants being detected in the environment at very low concentrations, one tested the 
photocatalytic degradation of 300 µg L-1 ciprofloxacin by suspended TiO2 and ZnO 
nanoparticles under UV, Figure 15. The photocatalytic degradation was evaluated in a UV–Vis 
spectrophotometer by monitoring the decrease of the ciprofloxacin absorption peak. The 
Chapter 4 Suspended photocatalysts 
59 
 
absorbance correlates to the concentration of the studied compound and consequently, the 
decrease of the absorption peak corresponds to a decrease of the concentration of the 
pollutant, meaning that the photocatalytic process is effective in its degradation.  
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Figure 15 – UV–Vis analyses of the photocatalytic degradation of 300 µg L-1 ciprofloxacin by 1 g L-1 of 
(a) TiO2 nanoparticles and (b) ZnO nanoparticles under UV. 
 
The results show that for both photocatalysts, the characteristic absorbance peak of 
ciprofloxacin decreased from the sample “ciprofloxacin” (without photocatalyst) to t=0 min 
(after adding the photocatalyst and after 30 min in the dark). As both solutions were placed in 
the dark to reach the adsorption-desorption equilibrium, the observed decrease in the 
ciprofloxacin peak is a result of the adsorption of ciprofloxacin onto the catalysts. The 
concentrations calculated from the absorbance values did not correspond to the initial 
concentration of ciprofloxacin, for both experiments (300 µg L-1), Table 12. Furthermore, 
samples exposed to UV for longer than 6 min showed a large variation because the 
concentrations were below the detection limit of the equipment. For this reason, the 
spectrophotometric analysis did not allow to obtain conclusive results concerning the 
photocatalytic degradation of ciprofloxacin at low concentrations, in the range of µg L-1. To 
obtain more accurate data, the samples were analyzed by high-performance liquid 
chromatography (HPLC). HPLC has the advantage that the analyzed compounds can be 
detected at very low concentrations, comparable to the concentrations detected in the 
environment. 
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Table 12 – UV–Vis spectrophotometry analysis of the photocatalytic degradation of 300 µg L-1 
ciprofloxacin under UV by TiO2 and ZnO nanoparticles. The table summarizes the obtained absorbance 
values and the estimated concentration. 
Degradation time 
(min) 
Absorbance Concentration (µg L-1) 
TiO2 ZnO TiO2 ZnO 
-30 0.025 0.030 200 236 
0 0.016 0.021 131 167 
6 0.005 0.008 37 64 
10 0.005 0.012 40 94 
15 0.003 0.013 23 103 
30 0.001 0.008 11 63 
45 0 0.004 5 36 
 
Samples resulting from the photocatalytic degradation of ciprofloxacin collected at degradation 
times -30, 0, 6, 15, 30, and 45 min were then analyzed by HPLC. Ciprofloxacin was detected 
at 275 nm with a retention time (Rt) of 13.2 min, Figure 16. 
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Figure 16 – HPLC analyses of the photocatalytic degradation of 300 µg L-1 ciprofloxacin under UV by a) 
TiO2 and b) ZnO nanoparticles at degradation times -30, 0, 6, 15, 30, and 45 min. 
 
HPLC results indicate the presence of ciprofloxacin in the sample t=-30 min, for the samples 
treated with TiO2 and ZnO, with an estimated concentration of 266 µg L
-1 and 286 µg L-1 for 
ZnO and TiO2, respectively, Table 13. At time t=0 min (after 30 min in the dark), the 
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concentration of ciprofloxacin in solution treated by ZnO nanoparticles decreased to 98 µg L-1 
and to 42 µg L-1 for TiO2. This represents a decrease of ciprofloxacin of ~63 % and ~85 % for 
ZnO and TiO2 nanoparticles, respectively. Because this happens during the dark period, the 
decrease is caused by the adsorption of ciprofloxacin onto the catalysts surface, confirmed by 
FTIR. The higher adsorption exhibited by TiO2 nanoparticles is consistent with their specific 
surface area values, 56 m2 g-1 for TiO2 and 5 m
2 g-1 for ZnO, previously shown. On the other 
hand, the decrease of ciprofloxacin from t=0 min to t=6 min occurs due to the photocatalytic 
activity by the photocatalysts under UV. 
There is an inverse relation between the decrease of ciprofloxacin in solution, assessed by 
HPLC, and an increasing amount of ciprofloxacin in the catalysts surface, assessed by FTIR. 
At the degradation time 0, the HPLC results indicated a decrease in the concentration of 
ciprofloxacin in solution and the FTIR analysis of the recovered photocatalytic nanoparticles at 
the same tested time, recorded the presence of the characteristic band of ciprofloxacin at 
2950 cm-1. These results confirm that the decrease of ciprofloxacin in solution was due to their 
adsorption onto the nanoparticles. It was not detected ciprofloxacin in solution by HPLC at the 
degradation times 6, 15, 30, and 45. However, the FTIR analysis of the nanoparticles 
recovered at the degradation time 15 min, showed a maximum concentration of ciprofloxacin 
adsorbed. Albeit HPLC analysis did not detect the antibiotic, it is still present in solution. At 
degradation t=45 min, ciprofloxacin was not detected in HPLC nor on the nanoparticles 
surface, indicating that the photocatalytic degradation was complete and the ciprofloxacin was 
degraded. 
 
Table 13 – HPLC analysis of the photocatalytic degradation of 300 µg L-1 ciprofloxacin under UV by TiO2 
and ZnO nanoparticles. The table summarizes the retention time, peak area, and the estimated 
concentration of ciprofloxacin. 
Degradation time 
(min) 
Retention time (min) Peak area (a.u.) Concentration (µg L-1) 
ZnO TiO2 ZnO TiO2 ZnO TiO2 
-30 13.189 13.189 15919 17201 266 286 
0 13.189 13.189 4831 199 98 42 
6 0 0 0 0 0 0 
15 0 0 0 0 0 0 
30 0 0 0 0 0 0 
45 0 0 0 0 0 0 
Control 131.189 188348 303 
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As UV–Vis spectroscopy was the only available identification equipment in the facilities, and 
this method only allows to detect the tested pollutant at high concentrations, it was tested 
the photocatalytic degradation of several pharmaceuticals and methylene blue in the range of 
mg L-1, Figure 17. Additionally, UV–Vis spectrophotometry is the recommended technique by 
the ISO standard 10678:2010. For all the tested pharmaceuticals and methylene blue, ZnO 
exhibits higher degradation efficiency than TiO2, with ciprofloxacin and methylene blue being 
degraded after 20 min under UV. The faster degradation by using ZnO might be caused by an 
undesired agglomeration of the TiO2 particles which considerably decreases the active surface 
area and thus the photocatalytic performance. Moreover, to better understand the differences 
in the performance of TiO2 and ZnO, it is important to consider the surface-dependency of the 
photocatalytic process. Namely, the higher adsorption capability of ZnO [11], can also 
contribute significantly to the faster degradation of pharmaceuticals by ZnO in comparison to 
TiO2. 
At low concentrations, TiO2 appears to be more effective most likely because of its larger 
surface area. But as concentration increases, the light scattering, which is greater in the TiO2 
suspensions due to the small particle size, reduces its efficiency, while ZnO is able to absorb 
more light quanta without provoking great scattering of light [88]. 
Other authors have reported on the efficiency of both catalysts in the degradation of 
micropollutants, which is dependent on the compound and on the characteristics of the 
catalyst. For instance, Evgenidou et al. (2005) studying the degradation of dichlorvos, an 
insecticide, obtained higher efficiency rates with TiO2 than with ZnO [88]. In contrast, the 
degradation of phenol was found to be more efficient with ZnO [80] as well as the degradation 
of an azo dye [96]. 
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Figure 17 – Photocatalytic degradation of different pharmaceuticals and a dye. a) 5 mg L-1 ciprofloxacin; 
b) 16 mg L-1 iopromide; c) 10 mg L-1 cefuroxime; d) 12 mg L-1 carbamazepine; e) 23 mg L-1 metoprolol; 
f) 2 mg L-1 methylene blue under UV by 1 g L-1 of suspended TiO2 and ZnO. 
 
Table 14 summarizes the apparent reaction rates according to the studied pollutants and 
photocatalysts. For both catalysts, ciprofloxacin and methylene blue exhibit higher degradation 
rates than the other tested pharmaceuticals. Higher degradation rates yield faster degradation 
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periods, for the sake of time saving and because methylene blue is considered a model 
pollutant to test the photocatalytic properties of materials, the produced nanomaterials were 
tested in the degradation of this dye. 
 
Table 14 – Apparent reaction rate constant on the degradation of several pharmaceuticals and a dye by 
TiO2 and ZnO under UV. 
Compound 
Reaction rate constant (h–1) 
TiO2 ZnO 
Carbamazepine 1.08 3.04 
Cefuroxime 2.94 5.46 
Ciprofloxacin 4.14 12.54 
Iopromide 0.24 0.42 
Methylene blue 4.98 24.90 
Metoprolol 1.14 1.68 
 
The experimental results obtained from the photocatalytic degradation of ciprofloxacin and 
methylene blue were compared to the modeling approach of the system. Predicting 
experimental results is of high importance for practical applications.  
For the simulation approach, the model of Eckert et al. [228] was deployed. It was taken into 
consideration, like in other works [41], [78], an idealized model system with only one organic 
species in solution. The organic compounds adsorb onto the photocatalytic nanoparticles 
surface and are oxidized due to photocatalytic reactions. The model is based on the 
assumption that the reaction rate and the pollutant adsorbing in a single layer onto the 
photocatalyst are the determining steps [11]. The amount of the compound A adsorbed (ad) 
on the surface of the catalyst is favored by the adsorption onto the photocatalyst and limited 
by desorption and photocatalytic reaction, whereas in the aqueous media, the decrease of the 
organic compound, A (aq), is caused by the adsorption and desorption fluxes. For low surface 
coverage, and assuming a constant adsorption/desorption rate along the time, the model 
follows the exponential law as: 
𝐶𝐴 (𝑎𝑞)(𝑡) =  𝐶𝐴 (𝑎𝑞),0exp (−𝑘𝑎𝑝𝑝𝑡)  Eq. 19 
where CA (aq) is the concentration of the organic compound in water and kapp is the apparent 
degradation rate constant that is the function of other rate constants as: 
𝑘𝑎𝑝𝑝 =  𝑎𝑠𝑘𝑎𝑑𝑠𝑘𝑟𝑒𝑎𝑐  (𝑘𝑑𝑒𝑠 + 𝑘𝑟𝑒𝑎𝑐)
−1  Eq. 20 
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The adsorption (kads) and desorption (kdes) rates are obtained from experiments in the dark. 
These experiments intend to reach an adsorption-desorption equilibrium of the pollutant onto 
the surface of the particles. Initially, it is observed a decrease of the concentration of the 
pollutant, until it reaches a stationary phase due to adsorption-desorption equilibrium at the 
surface of the particle. Note that without illumination, only adsorption and desorption occur. 
Illumination is required for the e-/h+ formation and consequent oxidation of the pollutant. The 
apparent reaction rate constant (kapp) is determined from the degradation experiments under 
UV, as in Eq. 19. Since the specific surface area (as) of the photocatalyst is known, it is possible 
to calculate kreac which characterizes the intrinsic photocatalytic reaction as Eq. 20. 
Figure 18 shows the photocatalytic degradation of 4 mg L-1 ciprofloxacin and 3.5 mg L-1 
methylene blue under UV by 1 g L-1 TiO2 and ZnO. Each degradation experiment was carried 
out in triplicate.  
Because the modeling concentrations are approximate to the related experimental values, the 
model describes the experimental results adequately. This is especially important to 
determine the fate of pollutants in the environment. Details of the model can be found in 

















































































Figure 18 – Comparison of the experimental and the simulated data. Photocatalytic degradation of a) 
and b) ciprofloxacin and c) and d) methylene blue under UV by 1 g L−1 a) and c) TiO2 and b) and d) ZnO. 
The full lines represent the fits according to the organic species model using the values of kads and kdes 
determined from the experiments in the dark. The line in c) was obtained by fitting kads from the 
degradation curve, assuming adsorption to be rate-determining. 
 
The simulation model fits reasonably well the experimental data, which means that the 
adsorption of organic compounds was rate determining. Therefore, it was further used on the 
evaluation of experiments using suspended photocatalysts.  
It was possible to degrade different pharmaceuticals and a dye by applying suspended TiO2 
and ZnO nanoparticles to the solutions under UV. Photocatalysis seems to be an efficient 
technique to remove pollutants from water. 
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4.2 DETECTION AND DEGRADATION OF PHARMACEUTICALS IN A 
WASTEWATER EFFLUENT2 
WWTPs aim the removal of microorganisms, organic matter and suspended solids from used 
water. In conventional treatment processes, the wastewater endures multistage treatments 
[229], [230]. First, the influent undergoes a pre-treatment to remove the large debris, for 
instance, wipes and diapers. This is a fundamental step to avoid pump damaging. This step is 
followed by a sedimentation tank, called a primary clarifier. Here, the flow of the water is 
slowed down and the larger solids that settle at the bottom of the clarifier are pumped out 
and the floatable waste, e.g. small plastic materials and grease, are recovered from the top of 
the tank. Afterwards, the water is transferred to a secondary clarifier in which the residual 
organics and suspended solids are removed from the effluent under aerobic conditions [231]. 
In this step, bacteria consume the organic matter polluting water. In some WWTPs, a tertiary 
step is included in the treatment. It is an extension of the secondary treatment and treatments 
such as filtration and reverse osmosis, for instance, are used [231], [232]. Finally, the water is 
disinfected to reduce the number of microorganisms in the water to be discharged to a local 
river or ocean.  
However, as discussed in section 2, WWTPs are ineffective on the removal of some 
pharmaceuticals. Analgesics [11], [233], antibiotics [233]–[236], antidepressants [11], [233], 
beta-blockers [11], [12], and drugs of abuse [235], [237], [238], among others, represent the 
several drug classes that have been detected in the effluents of WWTP. Their potential risks 
to human health, flora and fauna are particularly worrying, as previously mentioned in section 
2. Thus, it is of utmost importance to find solutions to minimize their discharge into the 
environment. 
This section focuses on the degradation of pharmaceuticals detected in an effluent sample of 
the WWTP in Kaditz, Dresden (Germany). The characteristics of the analyzed effluent are 
described in Table 15. This WWTP currently treats the sewage of 650,000 people and its yearly 
average sewage volume is ca. 55 x 106 m3. It consists of a primary clarifier, an activated sludge 
reactor, and a secondary clarifier. The effluent sample was collect as a 24 h flow proportional 
composite effluent sample on June 24th 2014, stored at 4 ºC and analyzed on the next day. 
 
                                               
2 In collaboration with the Faculty of Medicine Carl Gustav Carus at the TU Dresden (Germany). 
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Table 15 – Characteristics of an effluent from the WWTP in Kaditz (Dresden) provided by them. 
Effluent parameters 
Chemical oxygen demand (COD) 37 mg L–1 
Biochemical oxygen demand (BOD) 4 mg L–1 
Nitrogen 
Total 






12 mg L–1 
< 5 mg L–1 
0.31 mg L–1 
0.03 mg L–1 
7.04 mg L–1 





0.86 mg L–1 
0.56 mg L–1 
pH 7.5 
 
Based on the previous work of Gurke et al. [24], 55 target pharmaceuticals were selected 
according to the prescription numbers of pharmaceuticals. The photodegradation of the 
pharmaceuticals was monitored by high-performance liquid chromatography-tandem mass 
spectrometry (HPLC-MS/MS). Since the initial concentration of the pollutants (Ci) needs to be 
significantly higher than the detection limit of the equipment, the lower limit was set to be Ci 
> 0.3 µg L–1. After an initial analysis of the effluent sample, 14 pharmaceuticals were selected 
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Table 16 – Pharmaceuticals detected in an effluent from WWTP of Kaditz (Dresden) and their initial 
concentration. 
Class of the pharmaceutical Pharmaceutical Initial concentration (Ci) 
Anticonvulsants 
Carbamazepine 1.29 µgL–1 
Gabapentin 11.30 µgL–1 
Lamotrigine 0.98 µgL–1 
Oxcarbazepine 0.63 µgL–1 
Antidepressant Venlafaxine 0.58 µgL–1 
Beta blockers 
Bisoprolol 0.58 µgL–1 
Celiprolol 0.35 µgL–1 
Talinolol 043 µgL–1 
Lipid-lowering drug Bezafibrate 0.48 µgL–1 
Opioid analgesic Tramadol 0.62 µgL–1 
Angiotensin receptor antagonists 
Candesartan 1.30 µgL–1 
Eprosartan 0.56 µgL–1 
Irbesartan 1.50 µgL–1 
Valsartan 3.59 µgL–1 
 
Titanium dioxide (TiO2) and zinc oxide (ZnO) were the selected photocatalysts to perform the 
degradation experiment. The characterization of these materials is shown in 4.1. Figure 19 
shows the photocatalytic degradation profile of the 14 pharmaceuticals, reported on Table 16, 
in the wastewater effluent. The pharmaceuticals are grouped according to their initial 
concentration and the photocatalyst used in their degradation. For all analyzed 
pharmaceuticals, ZnO shows a higher degradation efficiency than TiO2, with most of the 

















































































































































































































Figure 19 – Photocatalytic degradation of the pharmaceuticals detected in the effluent, by 1 g L−1 TiO2 
(left) and ZnO (right) under UV. The pharmaceuticals are reported on Table 16 and the concentrations 
were detected by HPLC-MS/MS-method. For convenience the dots are connected. 




































































































































































































Figure 19 (cont.) – Photocatalytic degradation of the pharmaceuticals detected in the effluent, by 1 g 
L−1 TiO2 (left) and ZnO (right) under UV. The pharmaceuticals are reported on Table 16 and the 
concentrations were detected by HPLC-MS/MS-method. For convenience the dots are connected. 
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Figure 20 summarizes Figure 19. It is an overview of the degradation of the pharmaceuticals 
indicated in Table 16 by using ZnO or TiO2 P25 under UV. The sample treated with suspended 
ZnO showed an average degradation of pharmaceuticals of more than 95 %, after 40 min of 
exposure to UV. On the other hand, for the same period of time, the pharmaceuticals solution 
in presence of TiO2 and UV were degraded by 40 %.  
















Figure 20 – Average degradation of the pharmaceuticals detected in the effluent. The pharmaceuticals 
are reported in Table 16 and the concentrations were measured by HPLC-MS/MS. The grey area 
corresponds to the standard deviation. 
 
The apparent reaction rate constants for both catalysts were calculated by Eq. 19 and they are 
listed in Table 17. The treatment of pharmaceuticals present in this WWTP effluent using ZnO 
and UV results in a near complete degradation of the pollutants in a relatively short period of 










Chapter 4 Suspended photocatalysts 
73 
 
Table 17 – Apparent reaction rate constants according to the photocatalyst and the 14 studied 
pharmaceuticals detected in the effluent.  
Pharmaceutical 
Reaction rate constant (h-1) 
TiO2 ZnO 
Bisoprolol 0.78 5.28 
Bezafibrate 0.60 5.22 
Candesartan 0.78 5.88 
Carbamazepine 0.78 6.12 
Celiprolol 1.62 4.68 
Eprosartan 1.92 6.72 
Gabapetin 0.42 3.78 
Irbesatan 0.84 6.00 
Lamotrigine 0.24 2.40 
Oxcarbazepine 0.90 4.32 
Talimolol 5.40 8.40 
Tramadol 0.60 5.34 
Valsartan 0.72 5.28 
Venlafaxine 0.66 5.4 
 
Moreover, it was observed a lower selectivity of ZnO compared to TiO2 since in the ZnO 
experiments, all target pharmaceuticals are degraded in a similar way with just slight 
deviations. This is of high importance in real applications because the concentration and type 
of micro pollutants can significantly vary in wastewater depending on weather conditions and 
on regional consumption patterns.  
The degradation profiles are even more significant if one takes into account the smaller surface 
area of ZnO, 5 m2 g–1, when compared to the one of TiO2, 56 m
2 g–1, shown in section 4.1, 
Figure 10. The lower degradation efficiency of TiO2 might be caused by unwanted 
agglomeration of the particles which decreases significantly the active surface area and thus 
the photocatalytic performance. Additionally, the photocatalytic oxidation is to some extent 
surface-dependent. As ZnO shows higher adsorption capability [11], the pharmaceuticals 
could be faster degraded. The influence of the effluent matrix on the photocatalytic 
degradation of a single compound, addressed in Figure 21, was also studied. This figure 
compares experimental and simulated data on the degradation of carbamazepine in ultrapure 
water and in the effluent. 
Chapter 4 Suspended photocatalysts 
74 
 
Ion concentration, pH, or the mixture of several organic and inorganic compounds may 
influence the photocatalytic degradation [78]. Carbamazepine was chosen as a model 
compound and its photocatalytic degradation was individually tested in laboratory conditions, 
Figure 21 a). The results were then compared to the photocatalytic degradation of 
carbamazepine in the WWTP effluent sample, Figure 21 b), alongside other occurring 
pharmaceuticals listed in Table 16. Moreover, it is also possible to model the degradation 
process as shown in section 4.1, Eq. 19. 








































Figure 21 – Comparison of the experimental and simulated data on the removal efficiencies of 
carbamazepine under UV and 1 g L–1 of TiO2 and ZnO from the modeling (Eq. 19) and experimental 
setups. a) Degradation of 12 mg L –1 carbamazepine dissolved in ultrapure water (analyzed by UV–Vis 
spectrophotometry). b) Degradation of 1.4 mg L –1 carbamazepine in the effluent (analyzed by HPLC-
MS/MS). 
 
For both experiments (carbamazepine dissolved in ultrapure water and detected in the effluent 
alongside other occurring pharmaceuticals), the concentration of carbamazepine was 
considerably reduced over time in the presence of the photocatalysts and UV. In accordance 
with data from the degradation of the pharmaceuticals present in the effluent. These results 
corroborate previous findings indicating that degradation by ZnO is significantly faster than 
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Table 18 – Apparent reaction rate constant according to the photocatalyst for carbamazepine. 
 
Reaction rate constant (h–1) 
Initial concentration 
TiO2 ZnO 
Ultrapure water 1.02 2.94 12 mg L–1 
Effluent 0.78 6.06 1.4 µg L–1 
 
Carbamazepine adsorbing faster onto ZnO than onto the TiO2 surface, Table 19, might explain 
the higher degradation rates of ZnO.  
 
Table 19 – Adsorption rate constants of carbamazepine onto TiO2 and ZnO, determined by the 
experimental setup.  
Catalyst kads (ms
–1) 
ZnO 2.2 x 10-7 
TiO2 5.3 x 10
-9 
 
Although the concentration of the individually tested carbamazepine diluted in ultrapure water 
was in the range of mg L–1, Figure 21 a), the photocatalytic degradation profile is similar to the 
one detected in the effluent, Figure 21 b). This demonstrates that the effluent matrix does not 
appear to significantly influence the efficiency of the selected photocatalysts. 
Moreover, the modelled concentrations show high similarity in the removal efficiencies of 
carbamazepine compared to the efficiencies obtained from the experiments, both for 
carbamazepine in the effluent and in ultrapure water. The model is based on the assumption 
that the degradation rate is adsorption-limited and does not depend on the reaction rate 
constant [11]. Since the modelling concentrations are approximate to the related experimental 
values, the model describes the experimental results adequately. Details of the model can be 
found in Eckert et al. [228]. 
 
  
Chapter 4 Suspended photocatalysts 
76 
 
4.3 DETERMINATION OF THE TOXICITY OF IRRADIATED 
PHOTOCATALYSTS3 
Nanotechnology has provided the development of new and more efficient photocatalytic 
materials, yet it has also raised new concerns regarding their toxicity. The development of 
new materials used on the removal of contaminants from water faces two major constraints. 
On the one hand, they have to prove cost-effectiveness, while on the other hand they need 
to ensure a safe and environmental friendly way to remove contaminants from water, hence 
requiring that the materials themselves do not introduce new pollutants into the environment. 
Whenever suspended photocatalysts are applied to water treatment, it is necessary to collect 
the particles to prevent secondary sources of pollution. Nanoparticles have been detected in 
wastewater [202], [239] arising from many sources, including daily products, e.g. cosmetics. 
Thus, evaluating the toxicity of the nanoparticles is essential. Their toxicity is associated with 
their small size which attributes high surface area and the ability to penetrate into and 
accumulate within cells and organisms [240], [241]. Thus, nanomaterials are expected to 
exhibit increased toxicity than their bulk-phase counterparts [242]–[244]. 
The toxicity can be evaluated according to the percentage of inhibition that a toxic substance 
causes on a tested organism. Exposed populations with initial inhibition lower than 30% can 
adapt to the presence of the pollutant at the tested concentration and the toxicity is considered 
negligible. If the inhibition is between 30% and 50%, the sample is considered “slightly toxic” 
and the sample is considered “toxic or very toxic” if the inhibition is higher than 50% [245], 
[246]. 
Bioassays require the exposition of the test organism to the contaminants and compare the 
response with that of the controls (assays in the absence of the compound to be tested). The 
traditionally test organisms used in bioassays can be grouped in: algae and plants, 
crustaceans, fish, rotifers, annelids, molluscs and microorganisms [245]–[248].  
In this work, the toxicity bioassays were performed with bacteria. This is a bioassay widely 
used and it was reported by several authors. Bacteria are a part of the ecosystem and for this 
reason they are good target organisms for the detection of toxicity and the tests are relatively 
quick and simple [245]. Vibrio fischeri, Vibrio harveyi, and Pseudomonas fluorescens, are 
frequently used as test organisms, being the tests based on their light inhibition [249]–[251]. 
                                               
3 In collaboration with the Department of Physics and the Centre of Biological Engineering at the University of 
Minho (Portugal), and the Faculty of Engineering at the University of Porto (Portugal). 
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Bioluminescent Vibrio fischeri is a gram negative marine bacterium from the family 
Vibrionaceae. Although living in sea water, it can also be found in fresh water [251], [252]. It 
is the most used microorganism in toxicity tests due to the combination of several factors. 
First, its high sensitivity and short response time allows for an accurate assessment of toxicity. 
Second, the ease of operation and finally, the relatively low cost. The assay is based on the 
changes in the bacterial luminescent when the microorganisms are exposed to toxic 
substances [198], [249], [253]–[255]. The toxic compounds cause a decrease on the 
luminescence of Vibrio fischeri as a consequence of their cellular viability. Vibrio fischeri is 
widely used in toxicity assays to examine the toxicology of materials and it is commercially 
available in several devices, e.g. Microtox, Lumistox, ToxAlert, Aboatox, and Biotox systems. 
The testing mechanism is based on the light emission by the bacteria when in contact with 
potential toxic samples. The light emission is directly proportional to the metabolic activity of 
the bacteria, consequently, any disruption of homeostasis causes a decrease in the light 
emission [248], [251]. Therefore, inhibition of the bacteria bioluminescence is directly 
correlated to the toxicity level.  
The main difference between these test systems consists on the preparation of the bacteria. 
Mendonça et al. [246] identified Vibrio fischeri as the most sensitive species in toxicity tests 
and the Microtox test as the most sensitive. For Microtox, the protocol is defined by the ISO 
11348-3, Part 3, in which the bacteria are dried-freezed.  
Several works report on the toxicity of metal oxide particles but they fail to report on the 
impact of irradiated ones, hence, here the effects of the TiO2 and ZnO nanoparticles irradiated 
by UV towards Vibrio fischeri was assessed through the Microtox test. The experimental 
conditions are described in subsection 3.5. 
The bacterium Vibrio fischeri should be used within 4 hours after their reactivation. After this 
time, the bacteria lose activity. The negative control shows the maximal luminescence and it 
is used as a reference. The decrease of luminescence produced by the toxicity of the assay 
sample must be evaluated by the comparison with the negative control [256]. To understand 
the bacteria concentration effect on the luminescence, it was tested bacteria concentrations 
of 1.0 x 106, 1.5 x 106, 2.0 x 106, and 2.5 x 106 cells mL-1, Figure 22. For both cases, the 
luminescence intensity increases in the first minutes, reaching the maximum luminescence. 
In the control sample, Figure 22 a), the signal shows an insignificant decrease after 10 min, 
for the highest tested concentration (2.5 x 106 cells mL-1). The higher luminescence values 
were obtained for this sample, with higher concentration of cells. The slight decrease of 
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luminescence can be attributed to competition for the nutrients in the medium, which 
compromises cells viability [257]. Consequently, selecting high concentration of cells seems 
not to be appropriated, because the decrease in the luminescence cannot be only associated 
with the toxicity of the samples, but also with the bacteria behavior. 2 x 106, 1.5 x 106 and 1.0 
x 106 cells mL-1 exhibited high stability during the 50 min of monitoring, which corresponds to 
the toxicity test time. Although, higher luminescence values are more suited for toxicity tests, 
because a higher signal is easier to monitor the luminescence inhibition, the test should be 
cost-effective. As the three tested concentrations exhibited similar behavior, it was chosen a 
concentration of 1.5 x 106 cells mL-1 for the toxicity tests. 
























































































Figure 22 – Vibrio fischeri luminescence a) according to bacteria concentration (negative control), over 
time; b) response to ZnSO4.7H2O (positive control) at different bacteria concentration. 
 
Bacteria response to toxic substances can be evaluated through reference substances that 
inhibit the bacteria metabolic activity, reducing its bioluminescence. Zinc sulfate heptahydrate 
(ZnSO4•7H2O) in aqueous solution dissociates into zinc ions (Zn
2+) and sulfate ions (SO4
2-) [258]. 
Zinc ions are extremely toxic for the bacteria and consequently, they are used as reference in 
toxicity tests [198], [250]. To evaluate the bacteria response to the toxic reference, 
ZnSO4•7H2O, different bacteria concentrations (1.0 x 10
6, 1.5 x 106, 2.0 x 106 and 2.5 x 106 
cells mL-1) were exposed to this compound and the luminescence was measured over the 
time. Figure 22 b) shows the luminescence response of the bacteria to ZnSO4•7H2O. Initially, 
it increased, reaching its maximum value after 5 minutes for all the tested concentrations. 
Additionally, results show that luminescence can be increased by increasing the concentration 
of bacteria, for as long as the medium can provide enough nutrition to ensure cell viability. 
Despite this increase, it was not reached the maximum luminescence, as in the negative 
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control, Figure 22 a), nor did the luminescence stabilize for a long period of time, as Zn2+ 
affects the bacteria homeostasis [258]. Exposure times longer than 5 min to the toxic 
reference shows a decrease in luminescence, as a consequence of cells death. This decrease 
is a result of the contact with the toxic compound. Also, the decay for the highest 
concentration (2.5 x 106 cells mL-1) is greater than for lower concentrations. It seems that the 
association of nutrients deprivation with the toxicity of ZnSO4•7H2O is more harmful to the 
bacteria. Perturbations in the bacteria environment disturb the homeostasis of the bacteria 
and the cellular viability is compromised. As a first response to harmful substances, Vibrio 
fischeri ceases to emit its natural light [259].  
Figure 23 assesses the toxicity caused by 1 g L-1 TiO2 and ZnO nanoparticles in aqueous 
solution after UV treatment at different irradiation. For both catalysts, the concentration of 
nanoparticles was 1 g L-1. At contact time t=0 min, the luminescence inhibition caused by TiO2 
and ZnO nanoparticles irradiated with UV ranged from 18 to 54 % and 16 to 39 %, respectively. 
Thus the samples are considered “slightly toxic”. After 15 min of contact, there are significant 
differences between the two catalysts. The toxicity of ZnO increased abruptly to a range of 
83 to 95% of inhibition, being the sample considered “very toxic”. In contrast, the TiO2 the 
luminescence inhibition was lower, ranging between 30 and 40%, indicating that this 
compound is “slightly toxic”. At t=30 min, the ZnO toxicity reached a total luminescence 
inhibition. In addition, TiO2 shows no significant changes in inhibition regardless the contact 
times, consistent with previous reports indicating its inert nature [36], [48], [180]. 
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Figure 23 – Luminescence inhibition of Vibrio fischeri in contact with irradiated with UV nanoparticles 
of a) TiO2 and b) ZnO.  
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Other studies have reported on the direct contact of the nanoparticles, ZnO and TiO2, and 
bacteria. Heinlaan et al. [198] also reported on the lower toxicity of TiO2 than ZnO. They 
reported that even at high concentrations, 30 g L-1, TiO2 did not induce acute toxicity towards 
Vibrio fischeri. In the present work, 1 g L-1 of irradiated nanoparticles were used to assess 
their toxicity towards Vibrio fischeri and TiO2 was classified “slightly toxic” and ZnO “very 
toxic”. Since the TiO2 nanoparticles were irradiated, this might explain the slightly higher toxic 
results when compared to the results obtained by Heinlaan, as TiO2 is prone to activation and 
potential to induce toxicity under UV [260]. 
Additional studies comparing the toxicity of the mentioned nanoparticles towards other 
organisms, such as E. coli and Bacillus subtilis [244], Saccharomyces cerevisiae [261], and the 
crustaceans Thamnocephalus Platyurus and Daphnia magna [258], provide consistent results, 
showing the higher toxicity of ZnO.  
The nanoparticles showed antibacterial properties due to their oxidative stress mechanisms. 
Reactive oxygen species (ROS) produced during photocatalysis can cause fatal damages in 
the microorganisms [78], [198]. Further studies by Ivask et al. [262] addressed the toxicity of 
several metal oxide nanoparticles to mammalian cells. The toxicity of some metal oxide 
nanoparticles was associated with the release of metal ions, especially for ZnO and CuO. Due 
to the dissolution of the ZnO nanoparticles in water, highly toxic Zn2+ ions are formed [88], 
[198], [263]. On other metals, such as Mn3O4 and Co3O4, which accumulate on the cells, the 
toxicity was mostly driven by the generation of ROS [262]. In the same study, TiO2 did not 
show high toxic effects and WO3 exhibited no toxicity. TiO2 nanoparticles, unlike ZnO, remain 
stable during the irradiation time [264] and their toxicity is caused by the generation of ROS 
[265]. 
TiO2 can be considered a good choice for applications where toxic side-effects cannot be 











In general, pharmaceuticals are not fully removed from the wastewater in the WWTPs and 
can be detected in the effluents, representing a source of water contamination. Therefore, it 
is crucial to remove these pollutants to minimize water contamination. Photocatalysis being 
recommended whenever water pollutants have low degradability and/or high chemical 
stability, can be applied to water decontamination to oxidize the pharmaceuticals due to the 
generation of highly oxidative species and electron-hole pairs. It can be applied as a 
complementary method to the already existing technologies to improve the removal rates of 
pollutants.  
Here, the degradation of the pharmaceuticals present in an effluent sample was analyzed by 
LC–MS/MS. It was shown that photocatalysis can be applied to water treatment, as the 
application of suspended nanoparticles of ZnO or TiO2 under UV resulted in the degradation 
of the pharmaceuticals. 
Even though TiO2 is the most employed photocatalytic semiconductor, ZnO presents 
promising results due to its higher photocatalytic efficiency in comparison with TiO2 [64], [208], 
[266]. However, despite ZnO showing higher degradation rates, it is not as stable as TiO2 in 
water [36], [205], [266], [267] which poses a strong engineering challenge to prevent ZnO 
contamination of the aquatic environment. Additionally, the toxicity tests showed that 
irradiated ZnO are considered “very toxic”. Thus, ZnO should not be used in water 
decontamination.  
The simulation model is able to predict the experimental results of the photocatalytic 
degradation of the tested compounds by TiO2 and ZnO under UV. Reliable simulation models 
are of high interest for practical applications.  
Taking the results into consideration, photocatalysis is effective in the removal of 
pharmaceuticals and MB under UV, in a short period of time. Therefore, photocatalysis can be 
used in wastewater treatment to improve the quality of the effluents by simultaneously 
decreasing its final toxicity and favoring the reusability of the treated wastewater. 
In the following chapter, higher compound concentrations (in the range of mg L-1) were used 
to evaluate the photocatalytic activity of the produced nanomaterials because UV–Vis 
spectroscopy was the only available identification equipment in the facility. 
In photocatalysis, the decolorization of MB solutions is a standard method for testing and 
comparing photocatalytic materials. MB is fairly stable in aqueous solution at wavelengths 
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between 350 and 480 nm [268] due to its low absorption in this region, as shown in the 
absorbance spectra in Figure 24. Therefore, MB is further used to assess the photocatalytic 
activity of the produced nanomaterials in the following chapters.  





















Figure 24 – Absorption spectra of methylene blue. Dashed lines comprehend the emission wavelength 
of the UV lamps used in the experimental setup. 
 





IMMOBILIZATION OF THE PHOTOCATALYSTS IN 
POLYMERIC MATRICES 
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This chapter is dedicated the study of the immobilization of photocatalysts. It follows from the 
results discussed on the previous chapters that the removal of the photocatalysts is 
paramount. It is well known that the employment of suspended photocatalysts introduces a 
costly and time-consuming step to the water treatment process [137]. Furthermore, the 
suspended form increases the loss of particles leading to secondary pollution and an 
aggravation of the running costs [269], [270]. 
Immobilizing the photocatalysts can provide an effective alternative to the problems 
associated with the removal of the suspended catalysts. It is known that the activity of the 
immobilized photocatalysts is generally lower than the photocatalytic activity of the 
suspended counterpart [271]. This happens because the suspended nanoparticles show 
higher surface area which favors the photocatalytic activity. Although immobilized catalysts 
suffering from a loss of surface area [137], [173], suspended nanoparticles have a tendency 
to agglomerate [272], [273], resulting in a decrease of the photocatalytic activity [273].  
Polymeric substrates are a cheap and flexible substitute to the use of other substrates. Many 
of the low-temperature deposition techniques, such as nanoparticle dispersions, have been 
developed for heat-sensitive materials such as polymers [152], [274]. 
Here, it was studied the immobilization of different photocatalysts into two different polymeric 
substrates with a large application in other fields, namely poly(vinylidene difluoride-co-
trifluoroethylene) (PVDF-TrFE) and poly(methyl methacrylate) (PMMA).  
Regarding PVDF, it is used as a material for micro- and ultrafiltration membranes because of 
its good mechanical and chemical properties, resistance, and cost-effectiveness [275]. 
Nevertheless, because of its hydrophobic properties, it decreases water permeability, 
constraining its use in filtration [275]. Fluoropolymers such as PVDF-TrFE in addition to the 
aforementioned advantages, also show radiation resistance owing to the stable C−F bonds in 
the polymer chain [43], [14]. By using this copolymer we can produce different structures, 
such as membranes [29], thin films [27], and fibers [28]. 
PMMA is a common thermoplastic used in many applications for its mechanical properties, 
environmental stability and low cost [148]. It is an excellent substrate for inorganic particles 
and therefore, the incorporation of TiO2 into a PMMA matrix has attracted much attention. 
PMMA/TiO2 composites are used as additives and in photovoltaic and in biomedical 
applications [158].  
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Two methods were used to immobilize the photocatalytic nanoparticles in the polymeric 
supports. One was by solvent casting, as it is possible to control the microstructure of the 
material by using the solvent evaporation method. This results in nanocomposites with a 
controlled degree of porosity and pore size [30]. The other is by electrospinning. Electrospun 
nanocomposites have high porosity which leads to an increase in the permeation flux. They 
also exhibit a high surface-to-volume ratio which facilitates the adsorption of the pollutants 
and consequently an increased photocatalytic performance [275]. Besides the characteristics 
of the materials, such as the polymer molecular weight and the solvent boiling point, 
electrospinning processing parameters influence the fiber morphology, diameter and 
distribution, which affect the properties of the nanocomposites. These parameters include the 
polymer concentration, flow rate, temperature, moisture, needle inner diameter, applied 
electric field, among others [163]. Additionally, the type of the incorporated nanoparticles, their 
size and shape, their concentration, and interaction with the polymeric support changes the 
properties of the nanocomposites [158]. For this reason, the two polymers were tested as 
substrates for the immobilization of several photocatalysts with particular emphasis on the 
characterization of these new materials and on the assessment of their photocatalytic activity 
in the degradation of methylene blue. 
The results of this chapter have been published in the following publications: 
 Sara Teixeira, P.M. Martins, S. Lanceros-Méndez, Klaus Kühn, Gianaurelio Cuniberti 
(2016). Reusability of photocatalytic TiO2 and ZnO nanoparticles immobilized in 
poly(vinylidene difluoride)-co-trifluoroethylene. Applied Surface Science (384), 497–504. 
(Subsection 5.1) 
 Andrew Vild, Sara Teixeira, Klaus Kühn, Gianaurelio Cuniberti, Vitor Sencadas (2016). 
Orthogonal experimental design of titanium dioxide/poly(methyl methacrylate) 
electrospun nanocomposite membranes for photocatalytic applications. Environmental 
Chemical Engineering (4), 3151–3158. (Subsection 5.2) 
 Nuno A. Almeida, Pedro M. Martins, Sara Teixeira, José A. Lopes da Silva, Vitor 
Sencadas, K. Kühn, G.Cuniberti, S. Lanceros-Mendez, and Paula A. Marques (2016). 
TiO2/graphene oxide immobilized in P(VDF-TrFE) electrospun membranes with enhanced 
visible-light-induced photocatalytic performance. Journal of Materials Science (51), 6974–




Chapter 5 Immobilization of the photocatalysts in polymeric matrices 
86 
 
5.1 PVDF-TRFE/TIO2 AND PVDF-TRFE/ZNO NANOCOMPOSITE FILMS4 
Recently, several scientific groups have been investigating polymers as anchoring supports 
for nanoparticles. This happens because polymer chains are flexible and may contain a variety 
of functional groups that easily immobilize nanoparticles by dispersive or van der Waals, 
electrostatic, hydrogen, or covalent bonds [276]. 
Low temperature deposition techniques are required to immobilize the photocatalytic 
nanoparticles onto polymeric substrates. Sol-gel and sputtering are the main used techniques. 
However, these techniques require complex equipment and chemicals [146]. By solvent 
casting, it is possible to achieve a wide range of film thickness with great uniformity, control 
the porosity, pore size, and the pore interconnection [165], [277]. However, the characteristics 
of the films strongly depend on the solvent evaporation rate [277]. 
In this section, various concentrations of TiO2 and ZnO nanoparticles were dispersed in DMF 
and posteriorly PVDF-TrFE was added to the mixtures. The nanocomposites were produced 
from those dispersions by casting followed by solvent evaporation at ambient conditions, as 
described in subsection 3.2.1. The photocatalytic properties of the nanocomposites was then 
evaluated in the degradation of methylene blue under UV, following the protocol described in 
the subsection 3.4. 
 
Morphological characterization of the nanocomposites 
Nanomaterials are characterized by surface area, size, shape, pore volume, and distribution. 
In this sense, both nanoparticles and immobilization supports were characterized. The 
characterization of the photocatalysts, TiO2 and ZnO, was previously discussed in subsection 
4.1. Bellow, the characterization of the photocatalysts immobilized in the polymeric matrix is 
presented and discussed. 
Regarding the characterization of the nanocomposite films, SEM micrographs of the PVDF-
TrFE with 8 and 15 % wt. of TiO2 and 15 % wt. of ZnO are shown in Figure 25. It shows a 
porous microstructure, with good dispersion of the nanoparticles, without visible aggregates. 
Porous materials favor the dispersion of the photocatalysts [37]. In photocatalysis, a porous 
structure is of high importance as the photocatalytic oxidation depends on the interaction 
between the contaminant and the photocatalytic surface and this porous structure favors the 
percolation of water [37]. This polymeric porous structure was accomplished by solvent 
                                               
4 In collaboration with the Department of Physics at the University of Minho (Portugal). 
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evaporation at room temperature [29]. The most observed pore size of the nanocomposites 
was estimated by Image J software and determined to be in the range of 15–20 µm for 15 % 
wt. TiO2, Figure 25 a), and for the ZnO nanocomposites in the range of 20–25 µm, Figure 25 
b). These results demonstrate that there is no significant difference in the pore size of the 
nanocomposites regardless the type of photocatalyst. Varying the concentration of the 
immobilized photocatalyst onto the polymeric substrate, it was observed a similar porous 
structure, Figure 25 c). This film contains larger pore sizes, the most observed pore size ranged 
from 50–100 µm, also larger than the pristine polymeric film, 0–20 µm, Figure 25 d). For 
photocatalytic applications, large pore interconnectivity enhances light penetration, while 
increasing mass transfer of pollutants and reactants. When comparing the nanocomposites 
containing 15 and 8 % photocatalyst, the difference on the pore size arises from the different 
atmospheric conditions on the day they were produced, as the solvent evaporation depends 
on the air humidity [278].  





Figure 25 – SEM cross-section image of the PVDF-TrFE nanocomposite films with (a) 15 % wt. TiO2; 
(b) 15 % wt. ZnO; inset the pore size distribution graphs; c) 8 % wt. TiO2 with the pore size 
distribution graph on the right; and d) just the PVDF-TrFE film without any catalyst and the pore size 
distribution graph on the right. 
 
Figure 26 shows the influence of the photocatalyst concentration on the average water 
contact angle. This is an important study to determine the wettability of the nanocomposites, 
indicating the degree of wetting of the nanocomposite in contact with a liquid [48], [279]. 
Contact angle is defined by the angle between the solid surface, e.g. the nanocomposite 
surface, and the tangent line of the liquid phase, e.g. ultrapure water [48]. Pristine polymer 
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and PVDF-TrFE filled with 5, 10, and 15 % wt. TiO2 nanoparticles, and 15 % wt. ZnO shows 
average contact angles of 125, 93, 96, 93, and 103°, respectively. It shows a decrease of the 
average contact angle by adding the photocatalysts to the polymer, and thus making the 
composite more hydrophilic. This has been already proposed by Hashimoto et al. [48] that 
coating surfaces with TiO2, they become more hydrophilic. Regarding the concentration of 
TiO2, results show that the variations of the concentration have no effect on the wettability of 
the polymer, i.e. have no effect on the hydrophilicity of the nanocomposite since all samples 
with TiO2 exhibit a contact angle of between 93º and 96º. ZnO seems to have slightly lower 
hydrophilic properties with an average contact angle of 103°. Materials with increased 
wettability promote the contact between the surface of the photocatalyst and the pollutant, 
which is crucial for improved photocatalytic performance. 


























Photocatalyst concentration (wt. %)  
 
Figure 26 – Influence of the concentration of the photocatalyst immobilized in PVDF-TrFE on the average 
water contact angle of the nanocomposite. Water was used as a liquid. 
 
The influence of the UV irradiation on the nanocomposite wettability was addressed in another 
experiment. In this experiment, the contact angle was measured before and after the 
exposition of the nanocomposite to UV, for a certain period of time. The nanocomposite under 
consideration contains 8 % wt. TiO2. The results are shown in Figure 27. It is evident a change 
in the hydrophilicity of the surface of the nanocomposites after UV irradiation [48].  
When the surface of the nanocomposite containing TiO2 is exposed to UV, the contact angle 
of the photocatalyst surface with the liquid is gradually reduced until the surface reaches a 
hydrophilic point. At this point, water is no longer droplet-like shaped but instead, it spreads 
flatly on the surface of the substrate, decreasing its contact angle [37]. The same behavior 
was observed by Wang et al. [280]. The lower wettability of this film compared to those shown 
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in Figure 26 might be related to the fact that this nanocomposite was produced under different 
climatic conditions. Evaporation rate of the solvent depending on the climatic conditions, 
results in nanocomposites with different characteristics. PVDF-TrFE/TiO2 films show higher 





























    After 5 min     After 10 min
62.4
 
Figure 27 – Average water contact angles of the PVDF-TrFE nanocomposite films before and after 
exposure to UV radiation. The 8 % wt. TiO2nanocomposite “After UV” were previously exposed to UV 
for 30 min. Therefore, the sample on the left corresponds to 30 min under UV, “After 5 min” 
corresponds to 35 min under UV and “After 10 min” corresponds to 40 minutes under UV. 
 
FTIR measurements were performed to determine the polymer phase content and the 
chemical interaction between the photocatalytic nanoparticles and the polymer matrix. FTIR 
spectra of the nanocomposites, Figure 28, show that PVDF-TrFE crystallization induces the 
formation of β-phase owing to the presence of absorption bands at 840 and 1290 cm–1, 
regardless the type or content of the nanoparticles. The non-polar α-phase (764, 795, and 855 
cm–1) and γ-phase (776, 812, and 833 cm–1) were not found [38], [281]. For this reason, the 
crystallization phase of the polymer was not affected by the type or filler content, which 
crystallizes in the β-phase, and no chemical bonds were detected between the polymer and 
the incorporated nanoparticles. 
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Figure 28 – FTIR spectra of PVDF-TrFE nanocomposite films with 15 % wt. ZnO, 15 % wt. TiO2 P25, 
and without filler. 
 
The following section describes the results regarding the photocatalytic degradation of a 
model compound by the produced nanocomposites under UV.  
 
Assessment of the photocatalytic properties 
The photocatalytic activity of the nanocomposite films was assessed in the photocatalytic 
degradation of an aqueous solution of MB under UV radiation. MB shows a maximum 
absorption peak at ca. 665 nm. Upon exposing the solution of MB containing the 
nanocomposites to UV, its absorption peak gradually diminished, illustrating its degradation. It 
fits a pseudo-first-order reaction of the Langmuir-Hinshelwood model, which can be 
expressed by Eq. 11. 
The cost-efficiency of the photocatalytic processes depends on the lifetime of the 
photocatalyst, i.e. the number of times that it can be reused without significant loss of 
efficiency. Furthermore, it is important to study the effect of the concentration of the 
photocatalyst on the photocatalytic activity of the produced nanocomposites. For this reason, 
three different concentrations of TiO2 (5, 10, and 15 % wt.) were selected, and their 
photocatalytic activity under UV was studied, as well as their reuse (three times), Figure 29. 
Since the highest TiO2 concentration showed higher degradation rates, as a sake of 
comparison, ZnO was tested in the same concentration (15 % wt.). The nanocomposites 
under consideration do not show a significant decrease in their photocatalytic activity when 
the experiments were repeated three times using the same nanocomposite. 
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The PVDF-TrFE nanocomposite without filler exposed to UV shows a slight decrease of the 
concentration of MB, caused by the photodegradation of MB. In the photocatalytic 
nanocomposite controls in the dark, a slight decrease was also observed, caused by the 
adsorption of the dye onto the nanocomposites surface until the adsorption-desorption 
equilibrium was reached. These results are consistent with the concept that UV per se does 
not induce the degradation process nor do the nanoparticles without irradiation. The PVDF-
TrFE nanocomposite with 5 % wt. TiO2 shows the lowest degradation profile. The first and 
the third use show a relatively small loss of photocatalytic activity although its second use 
shows a higher loss of photocatalytic activity. This behavior might be explained by the 
presence of organic contaminants on the nanocomposite surface in the second use, which 
compete for the active sites of the photocatalyst. For the PVDF-TrFE nanocomposite with 10 
% wt. TiO2 the loss of efficiency between the first and the second use can be neglected, 
although it increases in the third use, most likely because of the loss of the photocatalyst 
particles from the polymeric matrix. The same trend occurs for the samples of 15 % wt. ZnO, 
although the loss of efficiency in the third use is lower. The sample with 15 % wt. TiO2 shows 
a different behavior from the previous samples. The second use shows a slight higher 
photocatalytic activity most likely due to the presence of organic contaminants on its surface 
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Figure 29 – Assessment of the photocatalytic properties of the PVDF-TrFE/TiO2 films under UV. 
Degradation of 5 mg L−1 methylene blue after three uses for each nanocomposite. PVDF-TrFE a) without 
a catalyst, b) with: 5 % wt. TiO2; c) 10 % wt. TiO2; d) 15 % wt. TiO2, e) and 15 % wt. ZnO. 
 
Figure 30 summarizes the results regarding the degradation of MB according to the PVDF-
TrFE nanocomposites. The photocatalytic activity of the nanocomposites showed superior 
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degradation of MB when the concentration of the catalyst is increased. The degradation profile 
of 15 % wt. TiO2 and ZnO are similar. The photoactivity decreased 6, 16, 13, and 11 % after 
three utilizations, for 5, 10, 15 % wt. TiO2, and 15 % wt. ZnO, respectively, after 5 h of 
exposition to UV, indicating that the photocatalytic activity slightly decreases after three uses 
and therefore these nanocomposites have suitable reusability. The loss of activity of the 
nanocomposites suggests a detachment of the particles from the polymeric matrix. This is an 
expected behavior since increasing the filler content will increase the amount of nanoparticles 
on the surface of the film. The immobilization of nanoparticles is usually weak due to the low 
attachment of the catalyst onto the supporting material which might explain the loss of 



































Figure 30 – Assessment of the reusability of the PVDF-TrFE/TiO2 films. Comparison of the degradation 
of 5 mg L−1 MB according to the reusability of the photocatalytic nanocomposites for three utilizations, 
after 5 h of exposition to UV for each test. 
 
Table 20 summarizes the reaction rates for the different nanocomposites according to their 
use and concentration. The reaction rates decreased with the number of uses from the first 
use to the third use. Additionally, nanocomposites with 15 % wt. ZnO presented higher 
reaction rates when compared to 15 % wt. TiO2, which is consistent with the reflectance 
spectra results, Figure 12, indicating the higher ability of ZnO nanoparticles than TiO2 
nanoparticles to absorb UV radiation, especially at 365 nm, the lamp emission peak. ZnO being 
more photoactive than TiO2 is in accordance with Schiavello et al. [67]. However, the problem 
of using ZnO is related to the fact that pH influences the dissolution of ZnO in water. Acidic 
conditions increase significantly the ZnO dissolution [282]. It was reported an increase on ZnO 
dissolution by almost 100 times as pH decreased from 9 to 7 [282]. This is a big drawback in 
the use of ZnO for wastewater treatment plants since normally the pH of the sewage is 
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approximately 7. Augugliaro et al. [80] detected the presence of Zn2+ in solution after using 
ZnO in the degradation of phenol and because of this, ZnO nanoparticles exhibit higher toxicity 
than TiO2, as shown in subsection 4.3. Although showing good photocatalytic activity, ZnO is 
here discarded as an ideal photocatalyst, because of the discussed reasons. 
 
Table 20 – Apparent reaction rate constants for the different nanocomposites, after 5 h under UV per 
use. 
Use cycle 
Apparent reaction rate constant (h–1) 
5 % TiO2 10 % TiO2 15 % TiO2 15 % ZnO 
1st 0.12 0.18 0.30 0.42 
2nd 0.04 0.18 0.36 0.36 
3rd 0.06 0.12 0.24 0.30 
 
Other works reported on the reusability of immobilized TiO2 nanoparticles. The photocatalytic 
degradation of phenol for 4 h under UV, was evaluated using three support materials (steel 
fiber, glass, and perlite) coated with TiO2 nanoparticles [20]. About 5 % of the original weight 
of TiO2 was washed-out when perlite and steel fiber coated catalysts were used, which might 
explain the better performance by using a glass support. This work did not investigate on the 
reutilization of the immobilized system, however within a single use, after 4 h approximately 
40 % of phenol was degraded. Hänel et al. [283], immobilized TiO2 on glass beads and tested 
three times its use on the degradation of a phenol solution for 5 h under a xenon lamp. It was 
reached a degradation of phenol of ca. 20 % with a photoactivity loss of 8 % after three uses. 
In both works the loss of nanoparticles due to inefficient attachment/immobilization is 
addressed as a possible reason for the photocatalytic activity loss. These findings are 
consistent with the results presented in this thesis, which also indicate that similar events 
may cause the loss of efficiency during reuse.  
Since degrading 5 mg L−1 MB requires longer experimental time, and to compare the same 
concentration of the model pollutant with other produced materials, one tested a different 
concentration of methylene blue, 2 mg L−1, with 8 % TiO2 immobilized in PVDF-TrFE by solvent 
casting. The results are shown in Figure 31. 
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Figure 31 – Assessment of the photocatalytic degradation of the PVDF-TrFE/ TiO2 (8 % wt.) film and its 
reusability. Degradation of 2 mg L−1 MB by the nanocomposite PVDF-TrFE/ TiO2 (8 % wt.) and 
assessment of the reusability, after 180 min under UV. MB correspond to the aqueous solution of MB 
under UV and PVDF-TrFE corresponds to the sample with an aqueous solution of MB and the composite 
without catalyst.  
 
After 4 uses there is no loss of efficiency. This film exhibited a stable reusability efficiency 
unlike the films previously discussed. These different results show how solvent casting varies 
with the climatic conditions, as the production of the photocatalytic nanocomposites depends 
on the evaporation rate of the solvent. This nanocomposite being produced later than the 
previously discussed nanocomposites, under dry weather, might explain the different 
characteristics of the nanocomposite, and consequently the better results. This 
nanocomposite exhibits higher pore sizes and improved wettability and pore interconnectivity, 
as shown in Figure 25 and Figure 27. These enhanced characteristics facilitate the percolation 
of water and consequently, improve the contact between the pollutants and the photocatalytic 
particles. Additionally, the faster degradation time is also correlated to the lower concentration 
of MB, lower concentrations require less time.  
Table 21 summarizes the reaction rates according to their use and concentration. The reaction 
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Table 21 – Apparent reaction rate constants according to the number of uses of the nanocomposite 
PVDF-TrFE/TiO2 (8 %), after 3 h in the UV per use.  
Uses Reaction rate constant (h–1) Removal (%) 
1st 1.08 99 
2nd 1.20 99 
3rd 1.02 98 
4rd 0.90 98 
 
Martins et al. [166] investigated the immobilization of doped TiO2 with rare earth elements 
onto a PVDF-TrFE substrate. They achieved a degradation of 81 % of MB within 100 min under 
UV with the nanocomposite PVDF-TrFE/TiO2 (5 %). These results are similar to the degradation 
obtained by the produced nanocomposite, in which 75 % of MB was degraded after the same 
period of time, despite in the work of Martins et al. a slight lower concentration of catalyst as 
well as a lower MB concentration (1.6 mg L-1) were used. 
In conclusion, the concentration of the catalyst influences the photocatalytic degradation rate. 
However, increasing the catalyst loading leads to an increase of the degradation rate until an 
optimum loading, in which the catalyst worn off the substrate [78]. Therefore, the efficiency 
loss of these composites may be caused by the loss of photocatalytic nanoparticles during 
use. This is in good agreement with the loss of efficiency of just 5 % from the first (34 %) to 
the third (29 %) use, regarding the nanocomposite with 5 % TiO2 and with a higher loss of ca. 
16 % and ca. 13 %, for 10 % and 15 % TiO2 nanocomposites, respectively. Such results 
indicate that increasing the concentration of the photocatalyst in the nanocomposites, a higher 
amount of nanoparticles remain exposed and detaches from its surface. The production 
method of the nanocomposites depends on the evaporation of the solvent which explains the 
different results obtained with the nanocomposites PVDF-TrFE/TiO2 (8 % wt.).  
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5.2 PMMA/TIO2 ELECTROSPUN NANOCOMPOSITES5 
Other method was tested to immobilize the photocatalytic particles into a polymeric substrate, 
as solvent evaporation depending on air humidity [278], explains the obtained different films 
characteristics. For this reason, electrospinning was tested to immobilize the photocatalytic 
particles.  
The electrospun fiber morphology is one of the key features for tailoring nanocomposites for 
the desirable applications. These fibers should not have surface defects, such as beads, and 
have a constant diameter along the fiber [155]. Fiber morphology is influenced by the 
processing electrospinning parameters. For instance, the needle inner diameter, the 
concentration of the polymer that influences the viscosity, the polymer flow rate, and the 
applied electric field influence the jet formation, polymer chain entanglement, and solvent 
evaporation kinetics [284], [285]. The present work shows the interplay between the different 
electrospinning parameters on the fiber morphology and on its mean diameter. 
PMMA is an excellent substrate for inorganic particles and therefore, the incorporation of TiO2 
into a PMMA matrix has attracted much attention [286]. 
In this section, different electrospinning conditions were used to process the PMMA pristine 
polymer, as well as the PMMA mats with embedded photocatalytic nanoparticles to study the 
influence of the catalysts concentration on the fiber average diameter and size distribution, 
following the protocol described in subsection 3.2.2. It was used an orthogonal experimental 
method to determine the optimal polymer processing parameters to obtain thin fibers with a 
high surface area. Orthogonal arrays allow to quickly determine the impact of the different 
parameters, which not only reduces the number of experimental runs in terms of cost and 
time [287], saving experimental time and raw materials, but also provides accurate and reliable 
optimal electrospun parameters for the production of PMMA mats. Then, the photocatalytic 
activity of the nanocomposites was assessed under simulated sunlight and UV radiation in the 
degradation of methylene blue, as described in subsection 3.4. 
 
 
                                               
5 In collaboration with the School of Mechanical, Materials and Mechatronic Engineering at the University of 
Wollongong (Australia). 
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Optimization of the electrospinning parameters  
The experimental processing parameters, such as applied electric field (E), polymer flow rate 
(Q), and needle inner diameter (Ø), were changed to systematically assess their influence in 
the polymer fiber formation, morphology, and average diameter, Table 22 and Table 23.  
 
Table 22 – Parameters and results used for the experimental design of the PMMA nanocomposites. 
Parameters Results 
Electric field (E) 
(kV cm–1) 
Flow rate (Q) 
(mL h–1) 
Needle inner diameter (Ø) 
(mm) 
Fiber diameter 
(µm)  ± SD 
0.8 1.0 0.5 0.9 ± 0.2 
0.8 2.0 1.0 1.0 ± 0.2 
0.8 8.0 1.7 2.3 ± 0.5 
1.0 1.0 1.0 0.9 ± 0.1 
1.0 2.0 1.7 1.7 ± 0.3 
1.0 8.0 0.5 1.6 ± 0.3 
1.4 1.0 1.7 1.6 ± 0.4 
1.4 2.0 0.5 0.9 ± 0.2 
1.4 8.0 1.0 1.6 ± 0.4 
 
From the values obtained in the fiber diameter from Table 22, it was calculated for each 
parameter, the mean fiber diameter, Table 23. The difference between the maximum and the 
minimum mean values ( ?̅? ) and its standard deviations (SD) are represented as R. As an 
example, the R value for the “Electric field (E)” parameter is expressed according to 𝑅 =
1.40 − 1.37 = 0.03 expressing the effects of a useful or detrimental level on the average fiber 
diameter and its standard deviation. According to this definition, the maximum value of R 
corresponds to the most important parameter [288], [289]. Smooth and thin fibers are 
preferable for wastewater treatment because they increase the available surface area and 
allow a better immobilization and exposure of the photocatalyst on the surface of the fibers. 
Therefore, the “mean value (?̅?) + SD” should be chosen as low as possible. Table 23 resumes 
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Table 23 – Evaluation of the design experiment. 
Fixed parameters 
Fiber diameter (µm) 
Mean value (𝒙) + SD 
Optimal level 
Electric field (E) 
(kV cm–1) 
E = 0.8 1.40 ± 0.3 
1.0 kV cm–1 E = 1.0  1.37 ± 0.3 
E = 1.4  1.38 ± 0.3 
R (?̅?max - ?̅?min) 0.03 ± 0.01  
Flow rate (Q) 
(mL h–1) 
Q = 1.0 1.14 ± 0.2 
1.0 mL h–1 Q = 2.0 1.74 ± 0.2 
Q = 8.0 1.84 ± 0.4 
R (?̅?max - ?̅?min) 0.70 ± 0.2  
Needle inner diameter (Ø) 
(mm) 
Ø = 0.5 1.10 ± 0.2 
0.5 mm Ø = 1.0 1.17 ± 0.2 
Ø = 1.7 1.89 ± 0.4 
R (?̅?max - ?̅?min) 0.79 ± 0.2  
Order of Importance Needle inner diameter > Flow rate > Electric field 
 
Analyzing Table 23 and Figure 32, the needle inner diameter seems to play an important role 
in the fiber average diameter, followed by the flow rate, and the parameter with less influence 
on PMMA electrospinning is the applied electrical field.  

































Figure 32 – Assessment of the electrospinning parameters on the fiber diameter. Relationship between 
the average fiber diameter and the R values obtained for the different parameters: electric field (E, kV 
cm-1), flow rate (Q, mL h-1), and the needle inner diameter (Ø, mm). 
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An increase of the average fiber diameter from 1.10 to 1.89 µm is observed by increasing the 
inner needle diameter (Ø). This is in agreement with Katti et al., in which they observed a 
reduction of the fiber diameter by decreasing the needle inner diameter [290]. A smaller 
needle diameter causes a reduction of the droplet at the tip, increasing the surface tension of 
the droplet, which leads to lower inner fiber diameters. For this reason, an inner needle 
diameter of 0.5 mm was used for all experiments. The selection of the different 
electrospinning electric fields was based on the idea that the diameter of the fibers decreases 
by increasing the applied electrical field (E) [291], [292]. This was not observed in our 
experiments. The average fiber diameter did not vary according to the applied electric field. 
Although, an electrospinning voltage of 1.0 kV cm–1 resulted in nanofibers with the lowest 
average diameters (1.37 µm) and small standard deviation. Therefore, 1.0 kV cm–1 was chosen 
as the optimal value. Regarding the flow rate (Q), it is expected that an increase leads to an 
increase of the fiber diameter due to the larger volume of solution drawn away from the 
needle, which is in accordance with the obtained results. This happens because when the 
flow rate increases, the amount of polymer solution available at a given voltage is higher [293], 
leading to an increase of the draw volume from the needle tip towards the ground collector. 
This increases the solvent evaporation time, and consequently large fiber average diameter 
and with a broader distribution are obtained [293]. The average diameter changed form 1.0 
µm for a flow rate of 1.0 mL h–1 to 1.8 µm for a flow rate of 8.0 mL h–1. This can be related to 
the increase of polymer solution available at the needle tip originating the formation of fiber 
branches, with smaller jets being ejected from the primary one. A flow rate of 1.0 mL h–1 was 
chosen to produce the electrospun nanocomposites to be used in the degradation of MB.  
The optimal parameters required to obtain smooth and low fiber diameter that are expected 
to enhance the immobilization of the photocatalyst on the fiber and obtain higher surface are 
E=1.0 kV cm–1, Q=1.0 mL h–1, and Ø=0.5 mm. 
This section has reviewed the three key aspects of electrospinning, i.e. needle inner diameter, 
flow rate, and applied electrical field. In summary, it has been shown from this review that the 
needle inner diameter seems to play an important role in the fiber average diameter whilst the 
applied electrical field seems to be the parameter with less influence. The following section 
concerns the characterization of the produced nanocomposites. 
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Morphological characterization of the electrospun nanocomposites 
It was evaluated the influence of the TiO2 concentration in the fiber diameter by keeping the 
applied electric field constant (1.0 kV cm–1), needle inner diameter (0.5 mm), flow rate (1.0 mL 
h–1), and the distance between the needle and the grounded collector (15 cm). Nanoparticles 
of TiO2 can improve the properties of PMMA with a minimum of 2 %, such as improved 
chemical and physical resistance, for instance [158]. SEM images, Figure 33, revealed that the 
electrospun nanocomposite fibers present a smooth and beadless surface. The photocatalytic-
loaded nanofibers had the same morphology as the unloaded PMMA fibers. Although the TiO2 
nanoparticles do not affect the fibers surface morphology, the experiments indicated an 
increase in the average fiber diameter with the addition of the TiO2 nanoparticles compared to 
the unloaded nanofibers. Such behavior is probably due to the fact that the inclusion of the 
filler can affect charge density of the polymer solutions. The photocatalyst can carry more 
polymer solution to the needle tip, leading to a decrease of the polymer jet, and consequently 
leading to nanocomposites with higher fiber diameter. It is noteworthy that increasing the TiO2 
concentration resulted in the formation of clusters on the surface of the polymer fibers, as 
shown in Figure 33 b) and c). 
 
 
Figure 33 – SEM images of the PMMA/TiO2 electrospun nanocomposites: a) 10 % wt. TiO2, b) 20 % 
wt. TiO2, c) 40 % wt. TiO2, and d) evolution of average fiber diameter and size distribution for the 
electrospun composites processed at E = 1.0 kV cm–1, Ø = 0.5 mm, and Q = 1 mL h–1. 
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Figure 34 a) shows the influence of the photocatalyst concentration and the average water 
contact angle to determine the wettability of the electrospun nanocomposites. No detectable 
differences were observed on the water contact angle by adding the photocatalyst 
nanoparticles to the polymer and by increasing the TiO2 concentration. The obtained water 
contact for the different samples was ca. 115º, which reveals that neat and nanocomposite 
electrospun exhibit a strong hydrophobic behavior. 
 


















































Figure 34 – Contact angle and FTIR analyses of the PMMA nanocomposites. a) Influence of TiO2 
concentration on average water contact angle. Water was used as a liquid; b) FTIR spectra of PMMA 
electrospun nanocomposites with 10 %, 20 %, 40 % wt. TiO2, and without filler. 
 
FTIR was used to study the chemical interaction between the photocatalytic nanoparticles and 
the polymeric matrix, Figure 34 b). By analyzing the FTIR spectra of all composites, it can be 
seen a distinct absorption band from 1150 cm–1 to 1250 cm–1 which can be attributed to the 
C–O–C single bond stretching vibration. The band at 1730 cm–1 shows the presence of the 
acrylate carboxyl group. The characteristics band of PMMA are also shown at bands 988 cm–
1 and 1060 cm–1. The bond at 750 cm–1 can be attributed to the α-methyl group vibrations [294]. 
The next section concerns the photocatalytic degradation of a model compound by the 
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Assessment of the photocatalytic properties 
The photocatalytic activity of the produced PMMA/TiO2 electrospun nanocomposites was 
assessed in the degradation of 2 mg L−1 MB under UV radiation, Figure 35.  
No significant changes were observed on the peak of MB when TiO2 nanoparticles were not 
added to the nanocomposites under UV. After 420 min under UV, it was observed a reduction 
of 14 % of MB. This indicates that the pristine PMMA nanocomposite does not show 
photocatalytic activity itself, being the small decrease addressed to MB photodegradation 
and/or adsorption onto the electrospun nanocomposite. Therefore, the TiO2 nanoparticles 
added to the composite are responsible for the photocatalytic degradation. 
In Figure 35 a), it is plotted the photocatalytic degradation of MB by different TiO2 
concentrations immobilized in PMMA by electrospinning. Increasing the photocatalyst 
concentration, Figure 35 a) and b), leads to a higher photocatalytic activity. As the 
concentration of TiO2 increases from 10 to 20 % wt., the degradation exponentially increased 
and then slightly increases from 20 to 40 % wt. of TiO2. This is most likely due to the optimal 
load concentration of the catalyst that is closer to the 20 % wt. loading. After 120 min, 10 % 
of TiO2 achieved a degradation of 31 %. Increasing the concentration of TiO2 to 20 % resulted 
in a degradation of 82 % of MB, and 40 % of TiO2 in the composite achieved nearly 100 % of 
degradation. Increasing the catalyst concentration above 40 % would not improve the system 
since it is expected to reach a saturation point [193]. Figure 35 b) summarizes the effect of 
the concentration of TiO2 immobilized in a PMMA substrate in the photocatalytic activity of 
the produced nanocomposites.  
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Figure 35 – Assessment of the photocatalytic properties of the PMMA/TiO2 mats under UV and their 
reusability. Photocatalytic degradation of 2 mg L−1 MB a) with different immobilized TiO2 concentrations; 
b) effect of the TiO2 loading. The numbers in the columns represent the total irradiation time. 
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The reaction rate constants calculated by Eq. 11 fit a pseudo-first-order reaction of the L-H 
model. It increases by increasing the catalyst concentration and it is correlated to the 
degradation of MB, Table 24. 
 
Table 24 – Apparent reaction rate constants (k) on the degradation of MB for the different immobilized 
photocatalysts under UV. 
TiO2 in the sample (wt. %) 
PMMA/TiO2 
k (h–1) Removal (%) Time (min) 
0 0.024 14 420 
10 0.120 62 420 
20 0.900 97 180 
40 1.620 99 120 
 
 
The obtained results show that the nanocomposite samples have a good photocatalytic 
activity, especially the ones with a higher TiO2 content, with all MB being removed from the 
solution after 180 min (3 h) under UV. Figure 36 shows that the reaction rates are proportional 
to the photocatalyst content because the number of surface sites increases with the 
concentration of the catalyst [90].   
The 10 % TiO2 nanocomposite exhibits a lower photocatalytic activity attributed to the higher 
fiber diameter, as demonstrated in Figure 33 d). Higher fiber diameters yield lower 
photocatalytic activity due to the loss of surface area.   
















 concentration (wt. %)
 
Figure 36 – Relation of the apparent reaction rate constants (k) and the concentration of the immobilized 
catalyst.  
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Cantarella et al. [148] also tested the degradation of 3 mg L-1 MB by 20 % TiO2 immobilized in 
a PMMA electrospun mat, under UV. In their experiment, 30 % of MB was still remaining in 
solution after 250 min. Using Eq. 11, the time required to degrade the same amount of MB 
by the nanocomposite here synthesized is 80 min. This means that the nanocomposites here 
produced exhibit 2.7 times higher efficiency. 
It was not possible to address the reusability of the nanocomposites because the polymeric 
nanocomposite began to shred after one use, Figure 37.  
 
Figure 37 – PMMA nanocomposite before (left) and after (right) use. 
 
Although the photocatalytic activity of the nanocomposites containing 40 % TiO2 exhibited 
higher efficiency, the nanocomposites with 20 % were equally efficient. For this reason, and 
because the use of more material increases the production cost, the nanocomposite 
containing 20 % TiO2 represents a better cost-efficient choice. Consequently, only this TiO2 
concentration was tested under simulated sunlight, Figure 38. It shows the photocatalytic 
degradation of 2 mg L-1 MB by a PMMA electrospun nanocomposite under 180 minutes of 
simulated sunlight with and without catalyst.  
Methylene blue was 60 % photodegraded after 180 min under simulated sunlight. MB is not 
photostable under visible light [191], [295], as shown in this experiment. The nanocomposite 
without photocatalyst exhibited a higher MB removal, 70 % after 180 min. This 10 % 
difference is caused by the adsorption of the dye onto the polymeric matrix. The difference 
between the nanocomposite containing 20 % wt. TiO2 and the nanocomposite without 
catalyst corresponds to the effective photocatalytic activity of the nanocomposite.  
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Figure 38 – Assessment of the photocatalytic properties of the PMMA/TiO2 mats under simulated 
sunlight. Effect of the catalyst loading on the a) photocatalytic degradation of 2 mg L−1 MB; b) the 
degradation of 2 mg L−1 MB under 180 min of simulated sunlight by TiO2 immobilized in PMMA. 
 
The rate constant calculated by Eq. 11 fits a pseudo-first-order reaction of the L-H model. The 
apparent kinetic rate constant increases by adding TiO2 to the electrospun nanocomposite and 
it is correlated to the degradation of MB, Table 25. 
 
Table 25 – Apparent reaction rate constants (k) on the degradation of MB under simulated sunlight. 
TiO2 in the sample (wt. %) 
 PMMA/TiO2 
k (h–1) k’ (h–1)* Removal (%) Time (min) 
MB 0.30 - 61 180 
0 0.36 0.06 70 180 
20 0.72 0.42 90 180 
* MB rate constant for the tested materials was subtracted by a background rate which was under 
simulated sunlight without the catalyst. The background rate was 0.3 h–1. 
 
The apparent reaction rate constant value of the sample containing 20 % TiO2 is two times 
higher than the bare TiO2 nanofiber, under simulated sunlight.  
It is expected a low photocatalytic activity under sunlight, which is consistent with the low 
ability of pristine TiO2 to absorb visible light due to its wide bandgap, shown in Figure 12 
(subsection 4.1).  
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5.3 PVDF-TrFE/TiO2 AND PVDF-TrFE/TiO2/GO ELECTROSPUN 
NANOCOMPOSITES6 
PMMA nanocomposites not being reusable, another polymer was tested as a substrate. 
PVDF-TrFE produced by electrospinning was here tested for posterior comparison with 
PMMA. Botelho et al. [162] have reported on the good chemical and mechanical stability of 
PVDF under UV. 
Also, due to the presented challenges associated with the use of UV lamps, several attempts 
have been made to replace their use by visible light. For this, it is required photocatalysts that 
can absorb visible light. Graphene oxide (GO) sheets have been anchored to TiO2, as GO 
absorbs visible light, increasing the photocatalytic degradation under visible light [145], [296]. 
Additionally, graphene has a high surface area and consequently it has been used as a sorbent 
for organic aqueous compounds [183]. Higher adsorption, increases the contact of the 
pollutant with the photocatalyst, improving the photocatalytic degradation. 
In this section, TiO2 was anchored to graphene sheets and immobilized in a PVDF-TrFE 
substrate by electrospinning, following the protocol in subsection 3.2.3. The electrospun films 
of PVDF-TrFE/TiO2 and PVDF-TrFE/TiO2/GO were then characterized, as described in 3.3, and 
the photocatalytic activity was tested under visible and UV radiation, as in subsection 3.4. 
 
Morphological characterization of the photocatalysts and the 
electrospun nanocomposites 
SEM image of the GO sheets, Figure 39 a), shows the crumpled-like structure of GO prepared 
by chemical exfoliation. After the hydrothermal treatment, the TiO2 nanoparticles aggregated 
around the GO sheets forming the agglomerated structures shown in the SEM images, Figure 
39 b). 
 
                                               
6 In collaboration with the Department of Mechanical Engineering and the Department of Chemistry at University 
of Aveiro (Portugal) and with the Department of Physics at the University of Minho (Portugal).  




Figure 39 – SEM images of GO and TiO2/GO. a) GO sheets and b) the synthesized TiO2/GO. 
 
XRD analysis was used to determine the crystalline phase of TiO2/GO. In the obtained 
diffractogram, Figure 40, it is shown the high intensity reflexes of the TiO2 and the typical 
reflexes of GO were not detected, for instance at 42º [297]. These findings can be a result of 
the low amount of GO present in the sample, 1 % wt. The diffraction reflexes at 25º and 48º 
indicate the presence of TiO2 in anatase phase and the diffraction reflexes at 27º, 36º, and 55º 
indicate TiO2 in the rutile phase. All reflexes are in good agreement with the standard spectrum 
(JCPDS no: 88–1175 and 84–1286) [33].  





















Figure 40 – XRD patterns of TiO2/GO. The main diffraction reflexes for anatase (●) and rutile (□) are 
represented.  
 
To investigate the optical properties of the nanocomposite, it was performed UV–Vis diffuse 
reflectance spectra, Figure 41. It is shown that for wavelengths between 400 and 800 nm, 
corresponding to the visible region of the electromagnetic spectrum, pristine TiO2 
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nanoparticles reflect ca. 75 to 80 % of the incident radiation, while TiO2/GO reflects merely 
10 to 20 %. These results indicate that TiO2/GO shows a broad absorbance in the visible region, 
suggesting that TiO2/GO is photocatalytically active under visible light. Similar results, showing 
a higher absorbance in the visible range for GO, were additionally obtained by other research 
groups [298], [299]. The bandgap was estimated by Eq. 16. It was found to be 3.01 eV for TiO2 
(ca. 410 nm) which is in agreement with previously reported works, where bandgap values 
ranged from 3.0 eV to 3.2 eV [54], [60], [250], while for TiO2/GO was 2.2 eV (ca. 560 nm). The 
synthesis method and the reduction state of GO seem to affect its bandgap [300], [301]. The 
bandgap here determined is similar to the results obtained by Tao et al. [302]. However it is 
slightly lower than the bandgap obtained by other groups 2.7 eV [301], [303] and ca. 2.5 eV 
[304]. 















































Figure 41 – UV–Vis diffuse reflectance spectra of TiO2 and TiO2/GO. Inset the square root of Kubelka-
Munk function F(R) vs. energy. 
    
The low bandgap value estimated for TiO2/GO is caused by a covalent bond between oxygen 
groups from GO and Ti atoms promoted during the hydrothermal treatment (Ti–O–C) [183], 
[299], in accordance with FTIR measurements, Figure 43.  
After immobilizing the particles into the substrate, SEM images of the nanocomposites were 
performed, Figure 42. The polymer electrospun nanocomposites show fibers with the 
presence of beads, suggesting that a low solution viscosity and a full polymer chain 
entanglement were not achieved. Moreover, the addition of TiO2/GO, most likely led to an 
increase in the electrical conductivity of the solution, and consequently to a smaller fiber 
diameter, because of the additional mechanical stretch resulted by the applied electrical field. 
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The number of beads present in the electrospun nanocomposites increased with the 
concentration, originating a necklace-like fiber structure, Figure 42.  
 
 
Figure 42 – SEM images of the PVDF-TrFE/TiO2/GO electrospun nanocomposites with a) 3 %, b) 5 %, 
c) 8 % and d) 20 % of TiO2/GO. Fiber diameter histograms for all the nanocomposite are also inserted. 
The inset in c) corresponds to the EDX spectrum, and in d) it is shown a detailed fiber structure. 
 
In photocatalysis, it is desirable to have a necklace-like fiber mat, as these forms exhibit higher 
photocatalytic activity performance. This was reported by Yu et al. [305] in the degradation of 
organic pollutants under visible light, probably due to the increasing of light scattering and 
available surface area. The formation of beads seems to reduce by increasing the 
concentration of the photocatalyst from 8 % to 20 % and the shape of the beads changed 
from spherical to spindle-like. These results were previously reported by Fong and Reneker 
[306] by increasing the polymer concentration, in which higher polymer concentration resulted 
in fewer beads. Moreover, Zong et al. [307] found that adding a filler into a polymer solution 
may result in beadless fibers because during the electrospinning, it increases the charge 
density on the surface of the solution jet and the solution becomes less viscous, which 
explains the lack of beads in the sample containing 20 % wt. TiO2/GO. Increasing the charges 
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carried by the jet results in higher elongation forces imposed to the jet under the electrical 
field, with subsequent smaller beads and thinner fiber diameters. Here, the most observed 
size in pristine fibers diameter is in the range of 400–600 nm [184], while the nanocomposites 
with the fillers show a decrease of the average fiber diameter varying from 300–400 nm to ca. 
200–300 nm, for the samples from 3 to 20 % wt. of TiO2/GO, respectively. EDX is depicted in 
the inset in Figure 42 c), identifying the elemental peaks of C, O, Ti, and F. These elements 
can be attributed to the nanocomposite fibers, C to the polymer and GO, F to the polymer, 
and Ti and O to the nanoparticles. The strong peak of Al is originated from the substrate 
because aluminum foil was used as a sample collector. Figure 42 d) corresponds to the image 
of the 20 % wt. TiO2/GO filler. The lack of beads is expected as the filler content increases, 
the solution becomes more conductive and therefore less viscous.  
Figure 43 a) shows the FTIR of TiO2, GO, and TiO2/GO. It was observed the characteristic 
reflexes of GO, including the O–H single bond stretching vibration at 3445 cm–1 [308], the 
asymmetric and symmetric vibrations of C–H respectively at 2922 and 2856 cm–1 [309], C=O 
stretching vibration at 1717 cm–1 due to carboxylic groups situated at the edges of the 
graphene oxide nanosheets [310], the skeletal vibration of unoxidized graphitic domains at 
1626 cm–1 [311], O–H deformation at 1400 cm–1 [312], epoxy C–O at 1259 cm–1 and 1119 cm–
1 [310] and C–O from stretching mode of hydroxyl groups at 1055 cm–1 [312]. Regarding TiO2, 
a broad band between 1000 and 450 cm–1 is assigned to Ti–O–Ti stretching modes [313] and 
a broad reflex at 3400 cm–1 together with a reflex at 1650 cm−1 correspond to the surface-
adsorbed water and hydroxyl groups, respectively [314]. For TiO2/GO, it was observed the 
majority of the previously detected GO reflexes. During the solvothermal preparation of the 
TiO2/GO, GO undergoes reduction, that is, the elimination of several oxygen functional groups. 
Additionally, the strong band observed in the range of 1000 to 450 cm–1 for TiO2 is shifted 
towards the lower wavenumbers with the incorporation of GO. This indicates the presence of 
Ti–O–Ti and Ti–O–C bonds, demonstrating the chemical interaction between the surface 
hydroxyl groups of TiO2 and the functional groups of GO [183], [312], [315]. These results 
support that the preparation of TiO2/GO by the solvothermal method was successfully 
achieved. 
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Figure 43 – FTIR spectra of the particles and of the nanocomposites. a) FTIR spectra of the pure TiO2, 
GO, and TiO2/GO; and b) FTIR spectra of PVDF-TrFE and PVDF-TrFE with different TiO2/GO filler 
concentrations electrospun mats. 
 
FTIR spectra of the nanocomposites, Figure 43 b), show that the polymer crystallizes in the 
electroactive β-phase, characterized by the absorption bands at 840 and 1279 cm−1, and no 
trace of the nonpolar α-phase (764, 795, and 855 cm−1) or γ-phase (776, 812, and 833 cm−1) 
[316] was found in the electrospun nanocomposites. The presence of the filler appears not to 
influence the polymer phase since no new bands are observed. 
In the following pages, the photocatalytic activity of these nanocomposites is assessed and 
discussed. 
 
Assessment of the photocatalytic properties 
This section describes the degradation of a MB solution by different concentrations of TiO2 
and TiO2/GO immobilized into a PVDF-TrFE substrate produced by electrospinning. The 
addition of GO to TiO2 is expected to increase the photocatalytic performance of the 
nanocomposites, in UV and particularly in the visible range [137]. This is attributed to a rapid 
electron transport and the delayed recombination of electron-hole pairs due to the carbon 
network of GO and simultaneously, facilitating the adsorption of the pollutants at the surface 
through the π–π interactions. Additionally, the Ti–O–C bonds can expand the light absorption 
to longer wavelengths. For these reasons, the combination of TiO2 nanoparticles with GO 
sheets should improve the photocatalytic activity under visible light and UV. PVDF-TrFE 
copolymers have attracted scientific and technological interest due to their chemical 
resistance and good mechanical properties due to very stable C−F bonds, exhibiting good UV 
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radiation resistance [162]. Electrospinning allows achieving a high surface area exposure [275], 
increasing the photocatalytic performance. 
The photocatalytic activity of the PVDF-TrFE electrospun nanocomposite prepared with 3, 5, 
8, and 20 % wt. TiO2/GO was assessed in the photocatalytic degradation of MB under UV 
radiation. The control samples of the polymer without filler (0 % TiO2 or TiO2/GO) and the 
polymeric nanocomposites with 5 and 20 % wt. of TiO2 without GO were also analyzed. The 
results are shown in Figure 44.  
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Figure 44 – Assessment of the photocatalytic properties of the PVDF-TrFE/TiO2 and PVDF-TrFE/TiO2/GO 
mats under UV. Photocatalytic degradation of 2 mg L−1 MB by a) electrospun nanocomposites without 
filler and with different concentrations of TiO2, and b) PVDF-TrFE electrospun nanocomposites prepared 
with different concentrations of TiO2/GO. 
 
The pristine polymer electrospun (0 % photocatalyst) shows a negligible (ca. 1 %) decrease 
of MB, Figure 44 a), attributed to the adsorption of the dye onto the polymer, and thus not a 
degradation of MB, as MB is stable under UV [268]. The sample containing 5 % wt. of TiO2, 
presents a MB removal efficiency of 15 % after 110 min of UV radiation whereas, the 
incorporation of 20 % wt. TiO2 yields 92 % removal of MB, after the same UV exposure period. 
Increasing the concentration of the catalyst from 5 % to 20 % does not result in a proportional 
increase in the degradation activity. This might be explained by the difficulty to control the 
fiber thickness of the nanocomposites and to obtain a homogenous dispersion of the catalyst. 
In this sense some fluctuations on the photocatalytic activity might occur. This concentration-
dependency is consistent with other work [285], in which, it was achieved higher rate 
constants and improved MB removal by increasing the concentration of TiO2 into a polymeric 
substrate, polyamide 12. Basically, in the mentioned work, a sample containing 20 % wt. TiO2 
was also produced and took ca. 110 min to completely degrade the same concentration of 
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MB as used in the present work, at an irradiance of 5 mW cm–2 (in the present work it was 
used an irradiance of 1.6–1.7 mW cm–2). These results show the dependence of the 
photocatalytic performance on the concentration of the used catalyst and also indicate that 
the substrate plays a relevant role in the photocatalytic activity. The advantageous electrical 
characteristics of PVDF-TrFE, such as high polarization and dielectric constant combined with 
the low dielectric loss [317], may favor the electron transfer process and consequently 
enhance the photocatalytic performance of the nanocomposites.  
Regarding the electrospun nanocomposites filled with TiO2/GO, Figure 44 b), results show 
removal efficiencies of 63, 77, 65, and 93 % for 3, 5, 8, and 20 % wt. TiO2/GO, respectively. 
Figure 45 summarizes the effect of the concentration of TiO2 and TiO2/GO on the 






























Figure 45 – Effect of the TiO2 and TiO2/GO loading under 105 minutes of UV on the degradation of 2 
mg L−1 MB. 
 
The apparent reaction rate constants (k) are shown in Table 26. Higher concentration of the 
filler contributes to a faster and more efficient degradation of the MB in solution. However, 
the sample containing 8 % wt. TiO2/GO presents lower reaction rates and removal efficiencies 
than the sample with 5 % wt., which can be a result of different thicknesses of the tested 
fiber mat sample or due to a heterogeneous TiO2/GO distribution over the tested sample. 
Other works equally reported on improved photocatalytic activity by adding GO to pristine TiO2 
[318], [319]. Also in these works, when high loadings of GO were achieved, the photocatalytic 
oxidation decreased, owing to possible agglomeration of the particles. Here, this was not 
noticed since the photocatalytic performance increased proportionally with GO concentration, 
with maximum performance for the sample containing 20 % of TiO2/GO. Comparing the 
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electrospun mats containing 5 and 20 % of TiO2 and TiO2/GO, higher apparent reaction rate 
constants were achieved for both samples containing TiO2/GO, Table 26. Additionally, the 
removal efficiency increased from 15 % in samples with 5 % TiO2 to 77 % in the equivalent 
sample with GO. These results denote that adding GO to TiO2, plays a more significant role in 
the nanocomposites with lower filler concentration (3 and 5 %), presenting removal 
efficiencies much higher than the ones shown by the correspondent fiber nanocomposites 
with TiO2. For the samples containing 20 % of TiO2 and TiO2/GO, both presented a MB removal 
efficiency of 92 and 93 %, respectively, for 110 min of exposition to UV, and a similar rate 
constant. 
 
Table 26 – Apparent reaction rate constants (k) on the degradation of MB for the different immobilized 
photocatalysts for 105 min under UV. 
TiO2 or TiO2/GO in the sample 
(wt. %) 
PVDF-TrFE/TiO2 PVDF-TrFE /TiO2/GO 
k (h–1) Removal (%) k (h–1) Removal (%) 
0 0.006 0.85 0.006 0.85 
3 – – 0.72 63 
5 0.036 15 0.90 77 
8 – – 0.72 65 
20 1.32 92 1.80 93 
 
Figure 46 shows the assessment of the photocatalytic degradation of 2 mg L−1 MB under 
simulated sunlight. MB under simulated sunlight and with nanocomposites prepared without 
photocatalytic nanoparticles (0 % TiO2), Figure 46 a), degraded ca. 37 % of MB. Because this 
sample contains no photocatalytic particles, this was caused by photodegradation itself, as 
MB is easily reduced due to a photolytic reaction, under visible light. The photocatalytic 
degradation did not improve significantly by increasing the concentration of TiO2 from 5 % to 
20 %. After 90 min, it was achieved a MB removal of 51 % for 5 %TiO2 and 60 % for 20 % 
TiO2. The low efficiencies of pristine TiO2 under visible light is attributed to its large bandgap 
and consequent inability to absorb visible light, shown by diffuse reflectance 
spectrophotometry measurements, Figure 41. Excluding the photodegradation of MB itself, 
the observed low photocatalytic degradation was due to the presence of UV in the simulated 
sunlight which corresponds to less than 5 % of the visible spectrum. 




















































Figure 46 – Assessment of the photocatalytic properties of the PVDF-TrFE/TiO2 and PVDF-TrFE/TiO2/GO 
mats under simulated sunlight. Photocatalytic degradation of 2 mg L−1 MB by the PVDF-TrFE 
electrospun mats prepared with a) TiO2 and b) TiO2/GO. 
 
Regarding the nanocomposites containing TiO2/GO, Figure 46 b), the MB removal efficiency 
is ca. 97 % for the samples containing 3 and 5 % and ca. 99 % for the sample with 8 %, for 
60 min under simulated sunlight. The major difference noticed between the samples 
containing different concentrations of TiO2/GO lies on the degradation rate constant, Table 27.  
 
Table 27 – Apparent reaction rate constants (k) on the degradation of MB for the different immobilized 
photocatalysts for 90 min (bare TiO2) and 60 min (TiO2/GO) under simulated sunlight. 
TiO2 or TiO2/GO in 
the sample (wt. %) 
PVDFT-TrFE/TiO2 PVDFT-TrFE/TiO2/GO 
k (h–1) k’ (h–1)* Removal (%) k (h–1) k’ (h–1)* Removal (%) 
0 0.30 - 38 0.30 - 38 
3 – - – 2.52 2.22 98 
5 0.42 0.12 60 2.4 2.10 98 
8 – - – 3.3 3.00 99 
20 0.54 0.24 63 – - – 
* MB rate constant for the tested materials was subtracted by a background rate which was under 
simulated sunlight without the catalyst. The background rate was 0.3 h–1. 
 
The sample with 8 % achieved almost 1.5 times a higher apparent reaction rate constant than 
the samples with 3 and 5 % TiO2/GO. These results demonstrated that the addition of GO to 
the nanocomposite enabled the photocatalytic degradation under simulated sunlight, as it was 
expected from the diffuse diffraction spectrophotometry measurements and the estimated 
bandgap values. Photocatalytic activity under visible light overcomes one of the handicaps of 
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photocatalysis [320]. Figure 47 summarizes the effect of the concentration of TiO2 and 































Figure 47 – Effect of TiO2 and TiO2/GO loading under 90 minutes of simulated sunlight in the degradation 
of 2 mg L−1 MB. 
 
The effects of GO in photocatalysis have been reported by Calza et al., they studied the 
degradation of risperidone under artificial sunlight using TiO2/GO nanocomposites and 
concluded that GO enhanced the photocatalytic activity [301]. Another work showed improved 
performance of TiO2/GO nanocomposites compared to TiO2 P25 [321]. 
The incorporation of GO into the nanocomposite played a relevant role in the photocatalytic 
activity improvement, both under UV, for low filler content, and under simulated sunlight. 
These results might be explained because GO can prevent the recombination of the 
photogenerated electron-hole pairs, increasing the formation of highly reactive species 
involved in the oxidation process [318]. Additionally, as GO sheets have a planar structure, it 
provides an increased surface area for MB adsorption, increasing the contact interface with 
TiO2 [322]. Additionally, the addition of GO to TiO2 decreased the bandgap of the catalyst, 
which explains the better activity than pristine TiO2 under visible.  
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5.4 PVDF-TRFE/WO3 ELECTROSPUN NANOCOMPOSITES7 
Tungsten oxide (WO3) is also used as a photocatalyst due to its smaller bandgap (2.6–2.8 eV) 
than TiO2 [323], high stability, and high oxidative potential [324]. Like TiO2, WO3 presents 
polymorphism [325]. It exhibits a certain photocatalytic activity under visible light (≤ 480 nm) 
attributed to its low bandgap [323], [326]. For this reason, WO3 was immobilized in a PVDF-
TrFE electrospun mat, its photocatalytic activity was assessed and the obtained results were 
compared with the results achieved with the previous nanocomposites using other 
immobilized photocatalysts.  
As mentioned in subsection 5.2, the ideal loading of the photocatalyst was found to be 20%, 
hence here it was produced a single electrospun nanocomposite with this concentration. 
This section reports on the immobilization of commercial WO3 into a PVDF-TrFE 
nanocomposite produced by electrospinning, as described in 3.2.3, and the characterization 
of the nanocomposite, following the protocols in subsection 3.3. The reusability of the 
nanocomposites in the degradation of a MB solution under UV and simulated sunlight was 
assessed as in subsection 3.4. 
This section is part of a work in progress for the submission to Materials & Design journal and 
part of this work was presented in the “Photocatalytic and Superhydrophilic Surfaces 
Workshop, PSS2015” (Guimarães, Portugal): Sara Teixeira, Klaus Kühn, Gianaurelio 
Cuniberti, Long Nghiem and Vitor Sencadas (2015). Active visible-light photocatalytic 
performance of WO3-P(VDF-TrFE) electrospun membranes. PSS2015. Guimaraes, Portugal. 
(Poster communication). 
 
Morphological characterization of the photocatalyst and the 
electrospun nanocomposites 
The commercial WO3 nanoparticles have a mean particle size inferior to 100 nm, detected by 
TEM, according to the producer [327]. Figure 48 shows a SEM image of WO3 measured in 
this work. The most observed sizes of WO3 particles are in the range of 20–60 nm, in 
accordance to the manufacturer. Kiss et al. [328] refer to a BET surface area of 9.1 m2 g-1 and 
8.3 m2 g-1 determined by Wicaksana et al. [326]. 
                                               
7 In collaboration with the School of Mechanical, Materials and Mechatronic Engineering at the University of 
Wollongong (Australia). 





























Figure 48 – a) SEM image of WO3 and b) the size distribution. 
 
UV–Vis diffuse reflectance was used to investigate the optical properties of WO3, Figure 49. 
WO3 has higher reflectance in the wavelength range between 425 and 800 nm, corresponding 
to the visible region of the electromagnetic spectrum. WO3 showing a broader absorbance in 
the visible region than TiO2, it is expected that it exhibits higher photocatalytic activity under 
visible light. This is attributed to its smaller bandgap, estimated by Eq. 16. It was determined 
a bandgap of 2.55 eV (ca. 480 nm) for WO3, which is in agreement with previously reported 
works, where bandgap values ranged from 2.60 eV to 2.8 eV [323], [329]. 










































Figure 49 – UV–Vis diffuse reflectance spectra of the WO3 and TiO2 P25. Inset the square root of 
Kubelka-Munk function F(R) vs. energy. 
 
SEM images, Figure 50, show the morphology of the produced electrospun nanocomposites, 
PVDF-TrFE with and without WO3. It was obtained electrospun nanocomposite membranes 
without defects, i.e. bead-free fibers. A random distribution of the WO3 nanoparticles is shown, 
not only in the fiber bulk but also on the surface of the fibers. 
a) 





Figure 50 – SEM images of the PVDF-TrFE and PVDF-TrFE/WO3 electrospun nanocomposites, a) a 
pristine PVDF-TrFE matrix, and b) a PVDF-TrFE matrix with 20 % wt. WO3. 
 
The average diameter of the nanofibers and their size distribution were calculated over 
approximately 50 fibers, Figure 50. The obtained electrospun nanocomposites had an average 
fiber diameter of ca. 200 ± 100 nm. Adding 20 % WO3 nanoparticles filler did not influence 
the average fiber distribution. 
The wettability of the electrospun mats was investigated. The PVDF-TrFE electrospun showed 
a water contact angle of 125º, Figure 51, showing a hydrophobic surface. During the water 
contact angle measurements of the of PVDF-TrFE/WO3, it was observed that the water droplet 
spread very quickly on its surface, exhibiting a water contact angle close to zero degree, which 
is characteristic of a highly hydrophilic surface [48], [330]. Therefore, adding 20 % WO3 to the 
polymer changes its wettability, turning its surface super hydrophilic. Other studies have 
reported on the hydrophilic properties of WO3 [331], [332]. 
 
 
Figure 51 – Water contact angle on a hydrophobic PVDF-TrFE electrospun surface, with an average 
contact angle of 125º.  
 
FTIR measurements were performed to determine the polymer phase content and the 
chemical interaction between the photocatalytic nanoparticles and the polymer matrix. FTIR 
spectra of the nanocomposites, Figure 52, show that PVDF-TrFE crystallization induces the 
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formation of β-phase owing to the presence of the characteristic absorption bands at 840 and 
1290 cm–1, regardless the introduction of photocatalytic nanoparticles.  


















Figure 52 – FTIR spectra of pristine PVDF-TrFE and PVDF-TrFE/WO3 electrospun nanocomposites. 
 
The non-polar α-phase (764, 795, and 855 cm–1) and γ-phase (776, 812, and 833 cm–1) were 
not found [38], [284]. The crystallization phase of the polymer was not affected by adding the 
filler, which crystallizes in the β-phase, and no chemical bonds were detected between the 
polymer and the incorporated nanoparticles. 
The following part of this paper moves on to describe the photocatalytic degradation of MB 
by using these nanocomposites.  
 
Assessment of the photocatalytic properties 
The degradation of 2 mg L−1 MB occurs during the exposition of the PVDF-TrFE electrospun 
nanocomposites to UV radiation. No degradation was observed when WO3 nanoparticles were 
not added to the PVDF-TrFE electrospun, Figure 53. The photocatalytic activity and the 
reutilization of the PVDF-TrFE/WO3 electrospun mat were also assessed, Figure 53. After 180 
min under UV, 91 % of MB was degraded during the first use, while 83 % degradation was 
achieved in the second use, and 77 % in the third. From the first use to the third use there is 
a loss of efficiency of 14 %. It was observed that the photocatalytic activity does not 
significantly change after three using cycles, suggesting that PVDF-TrFE/WO3 electrospun 
nanocomposites can be recycled and reused for repeated cycles with a relatively small loss of 
efficiency. The low surface energy of polymers and the lack of proper binding sites on the 
surface result in low adhesion leading to a loss of the immobilized nanoparticles [146], which 
might explain the small loss of efficiency after 3 cycles, ca. 15 %. 
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Reuse of the nanocomposite
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Figure 53 – Assessment of the photocatalytic properties of PVDF-TrFE/WO3 under UV and its reuse. 
Photocatalytic degradation of 2 mg L−1 MB under UV radiation and PVDF-TrFE without filler and b) the 
reuse of PVDF-TrFE electrospun nanocomposite with 20 % wt. WO3. 
 
The apparent rate constant of the degradation of MB and the reuse of the electrospun 
nanocomposite is shown in Table 28. 
 
Table 28 – Apparent reaction rate constant on the photocatalytic degradation of MB according to the 
reusing cycle, for 180 min under UV. 
Use cycle 
PVDF-TrFE/WO3 
Reaction rate constant (h–1) Removal (%) 
1st 0.84 91 
2nd 0.60 83 
3rd 0.48 77 
 
Comparing the results obtained in the first use of this nanocomposite to the ones obtained 
with 20% of TiO2 and TiO2/GO immobilized in PVDF-TrFE, one easily observes that the three 
exhibit similar degradation efficiencies, as a degradation of 92 % of MB was obtained with 
PVDF-TrFE/TiO2, 93 % with PVDF-TrFE/TiO2/GO, and 91 % with PVDF-TrFE/WO3, under UV. 
The difference stands on the degradation time, as for PVDF-TrFE/TiO2 and PVDF-TrFE/TiO2/GO 
the degradation was achieved in 110 min of exposition to UV while with PVDF-TrFE/WO3 it 
was required 180 min. In any event, it has been proved that the photocatalytic materials are 
very promising under UV. 
The photocatalytic activity of the PVDF-TrFE/WO3 (20 %) nanocomposite was also addressed 
under simulated sunlight. Figure 54 shows the photocatalytic degradation of 2 mg L-1 MB 
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under 120 minutes of simulated sunlight by 20 % wt. WO3 immobilized in PVDF-TrFE and its 
reuse, a PVDF-TrFE electrospun mat without catalyst (0 % WO3) and a solution of MB without 
the electrospun mat to address the photodegradation of MB under simulated sunlight. 
















































Figure 54 – Assessment of the photocatalytic properties of PVDF-TrFE/WO3 under simulated sunlight 
and its reuse. a) Photocatalytic degradation of 2 mg L−1 MB by PVDF-TrFE without filler and the reuse 
of the PVDF-TrFE electrospun mat with 20 % wt. WO3, b) degradation of 2 mg L−
1 MB and assessment 
of the effect of 20 % wt. WO3 immobilized in PVDF-TrFE. 
 
The apparent reaction rate constant of the degradation of MB according to the reuse of the 
electrospun nanocomposite is shown in Table 29. 
 
Table 29 – Apparent reaction rate constants (k) on the photocatalytic degradation of MB according to 
the reusing cycle, for 120 min under simulated sunlight. 
Use cycle 
PVDF-TrFE/WO3 
k (h–1) k’ (h–1)* Removal (%) 
1 1.20 0.90 91 
2 0.96 0.66 86 
3 1.02 0.72 87 
* MB rate constant for the tested materials was subtracted by a background rate which was under 
simulated sunlight without the catalyst. The background rate was 0.3 h–1. 
 
As previously shown and discussed, MB is not photostable under visible light. A solution of 
MB was 50 % photodegraded after 120 min under simulated sunlight. The nanocomposite 
without the photocatalyst exhibited 65 % degradation after 120 min. This value is caused both 
by the photodegradation of the MB under visible light and by the adsorption of the dye onto 
the polymeric matrix. The difference between the nanocomposite containing 20 % wt. WO3 
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and the nanocomposite without catalyst corresponds to the photocatalytic activity of the 
nanocomposite. It is expected a relatively low photocatalytic activity under visible light, 




Immobilizing different photocatalytic nanoparticles onto a polymeric substrate has been 
proven efficient on the removal of MB from water.   
Although ZnO exhibiting good photocatalytic activity, it was discarded as an ideal photocatalyst, 
because it suffers from photodissolution in water and, as shown in section 4.3, ZnO 
nanoparticles exhibited high toxicity.  
Firstly, it was determined the optimum processing electrospinning parameters as they 
influence the electrospun fiber morphology, which is one of the key features for tailoring 
nanocomposites. Fibers should not have surface defects, such as beads, and have a constant 
diameter along the fiber [155]. Here, it was shown the interplay between the different 
electrospinning parameters on the fiber morphology and the mean diameter. The needle inner 
diameter, the concentration of the polymer that influences the viscosity, the polymer flow 
rate, and the applied electric field are parameters that seem to affect the morphology of the 
fibers as these parameters influence the jet formation, polymer chain entanglement, and 
solvent evaporation kinetics [284], [285]. 
The nanocomposites produced by solvent casting showed to be dependent on air humidity 
conditions and exhibited limited photocatalytic oxidation due to mass transfer. The 
nanocomposite produced under reduced air humidity (8 % TiO2) exhibited nearly no loss of 
efficiency after 4 uses and achieved nearly total degradation of MB, after 180 min under UV. 
Therefore, the production of nanomaterials by solvent casting, should be done under 
controlled atmosphere to ensure their reproducibility. 
Figure 55 summarizes the photocatalytic oxidation of the produced nanocomposites. 20 % of 
WO3 and TiO2 immobilized in PVDF-TrFE and PMMA, respectively, exhibited lower 
photocatalytic activity, after 90 min under UV. Despite the high oxidative potential of WO3, its 
low conduction band edge limits the reduction of O2 in water by the photo excited electrons 
[324] reducing the production of hydroxyl radicals. Nonetheless, the PVDF-TrFE/WO3 
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nanocomposite exhibited relatively good reusability. The PMMA nanocomposite, on the other 
hand, has the disadvantage of not being reusable due to its characteristics.  
PVDF-TrFE/TiO2 produced by electrospinning exhibited a higher photocatalytic activity than the 
counterpart immobilized in PMMA. The substrate seems to play a role in the degradation 
efficiency. PVDF-TrFE/TiO2/GO achieved a higher degradation in less time than the other 
nanocomposites. In water treatment, a lower residence time is preferred. It should be noted 
that the nanocomposite PVDF-TrFE/TiO2 (8 %) produced by solvent casting, required a lower 
concentration of TiO2, which spares material. The immobilized photocatalysts can be 












































Figure 55 – Comparison of the photocatalytic properties of the different composites under UV. 
Photocatalytic degradation of MB under 90 min UV according to the different nanocomposites. 
 
Figure 56 summarizes the degradation of 2 mg L-1 MB under 90 min of simulated sunlight by 
the produced nanocomposites. The degradation of MB by 20 % TiO2 immobilized in PMMA 
and PVDF-TrFE shows approximately the same degradation rate, 28 % degradation by PVDF-
TrFE/TiO2 and 21 % by PMMA/TiO2. We can also observe that PMMA adsorbs more dye than 
PVDF-TrFE, as the photodegradation of MB is the same for both experiments. WO3 exhibits 
higher photocatalytic activity than TiO2 because of its smaller bandgap [323], [329], Figure 49. 
Particularly interesting are the results obtained by only 8 % TiO2/GO immobilized in PVDF-
TrFE. After 90 min under simulated sunlight, 99 % of the studied dye was degraded. The 
addition of graphene seems to promote a remarkable photocatalytic performance as it 
decreases the bandgap of the nanocomposite. 
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The apparent reaction rates achieved by the discussed nanocomposites under UV and 


































             photolysis
 
Figure 56 – Comparison of the photocatalytic properties of the different composites under simulated 
sunlight. Photocatalytic degradation of 2 mg L−1 MB by 20 % wt. TiO2 immobilized in PMMA and PVDF-
TrFE by electrospinning; 8% wt. TiO2/GO and 20 % wt. WO3 immobilized in PVDF-TrFE by 
electrospinning, under 90 min of simulated sunlight. 
 
It is common the use of dyes to assess the photocatalytic activity of novel materials under 
simulated sunlight. However, most of the works do not report that the degradation measured 
under visible light could be due to photosensitization rather than photocatalysis [191]. 
Therefore, it is necessary to distinguish the relative contribution of dye sensitization versus 
that of photocatalysis, as it was done in this work. Based on the results of the degradation of 
MB under simulated sunlight, it should be recommended to test other organic molecules. 
When it is only possible to assess the degradation of a dye, it is recommended to use a dye 
with a minimal absorption spectral overlap with the photocatalyst and/or a minimal dye 
sensitization effect, e.g. MB [334]. Given the notable photocatalytic activity of PVDF-TrFE filled 
with 8 %TiO2/GO, a future work could lay on the assessment of the reutilization of this 
nanocomposite for water decontamination using simulated sunlight.  
The selection of the nanocomposites depends on the application purpose. For instance, PVDF 
nanocomposites have good chemical stability against most the chemicals, including aromatic 
hydrocarbons but are affected by strong bases [335]; while PMMA, based on the information 
provided by one of the major polymers suppliers, Professional Plastics [336], exhibits poor 
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chemical resistance to aromatic hydrocarbons. Consequently, PVDF composites may be used 
in water contaminated by aromatic hydrocarbons whereas PMMA not. 
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Immobilizing the catalyst eliminates the need of filtration for catalyst recovery but usually 
results in a loss of the surface area which decreases the degradation efficiency [137], [173]. It 
has been reported a performance reduction of 60–70% of the immobilized TiO2 as compared 
to the suspended form [61]. Titania-coated iron oxide particles (Fe3O4/SiO2/TiO2) are herein 
proposed to solve the difficulty of the photocatalysts separation from the treated water. 
Magnetic separation is a simple, efficient, and fast process of separation by the application of 
a magnetic field [273], [337]. The magnetic core enables the separation of the suspended 
particles from solution and their further reuse, whereas the photocatalyst on the outer shell 
degrades the pollutants in water [338].  
The magnetic particles of TiO2 were synthesized by co-precipitation and sol-gel. The magnetic 
core of the photocatalytic particles was synthesized according to the method of Kang et al. 
[185], and the method to prepare the silica and the TiO2 layers was adapted from the work of 
Alvarez et al. [76], following the protocol described in subsection 3.2.4. The particles here 
reported are an optimization of the proposed methods.  
Sol-gel is commonly used in the synthesis of TiO2 nanoparticles. It consists in the hydrolysis 
of the precursors and consequent formation of a colloidal suspension, a sol [151], [339]. The 
reaction takes place at low temperatures and does not require complicated equipment 
originating highly homogeneous and pure products. TiO2 synthesized by sol-gel is normally 
amorphous and does not exhibit photocatalytic activity. Thus, the effect of the annealing on 
the photocatalytic activity was also assessed, as the photocatalytic activity of TiO2 is directly 
dependent on its surface crystalline phase [340]. The three crystalline phases are anatase, 
rutile, and brookite, with anatase being the most reactive phase [34], [36], [58], [218], [341], 
[342]. 
Annealing is a critical step for the crystallization of the hydrous TiO2 [58], [65]. It leads to the 
formation of a photoactive crystalline phase of TiO2, such as anatase [85], [92], [88]. Usually, 
after annealing, the synthesized nanomaterials have small crystalline sizes, which is beneficial 
to its photocatalytic activity [22]. An increase of the annealing temperature from 300 ºC to 600 
ºC increases the photocatalytic activity and the OH radicals production due to the formation of 
anatase [43]. At 500 ºC, both surface and bulk region are in pure anatase phase [83]. According 
to the literature, the transformation to rutile starts at around 550 ºC, where the bulk in anatase 
crystallizes to rutile [83], [218]. Annealing at temperatures higher than 550 ºC and below 680 
ºC, the bulk anatase transforms to rutile, while the surface preserves the anatase phase. 
Increasing the annealing temperature above 700 ºC, nearly the entirely bulk TiO2 is 
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transformed to rutile while some parts of the surface remain in the anatase phase. When 
increasing the temperature up to 800 ºC all surface and bulk TiO2 is converted to rutile [342]. 
For this reason, in this study only two temperatures, 500 ºC and 600 ºC, were tested as 
anatase exhibits the most photocatalytically active phase. The annealing time also plays an 
important role on the crystallization of a material. A short annealing time is not sufficient for 
the complete development of a crystalline lattice structure, originating a material with an 
inferior crystalline structure, while a slow annealing originates a more ordered microstructure 
and hence a more crystalline material [104]. The characterization of the synthesized material 
was performed as described in subsection 3.3. 
As mentioned in section 4, ciprofloxacin was degraded in a shorter period of time than the 
other studied pharmaceuticals and for time sake, it was used for further tests in detriment of 
the other tested pharmaceuticals. Additionally, like ciprofloxacin, norfloxacin is a 
fluoroquinolone and it has been detected in wastewater streams as an organic pollutant [343]. 
Fluoroquinolones exhibit significant genotoxicity [344] and toxicity to aquatic organisms [345], 
thus, it is important to assess their degradation. The reusability of the magnetic particles in 
the degradation of the selected compounds under UV was assessed as in subsection 3.4. 
The work described in this chapter has been submitted for publication in the Journal of 
Photochemistry and Photobiology A: Chemistry. 
 
Morphological characterization of the photocatalysts 
SEM analyses allow studying the morphology of the surface of the materials. Figure 57 a), 
shows SEM images of Fe3O4/SiO2/TiO2, annealed at 600 ºC for 30 min, which are nanospheres 
with the most observed size between 200 and 250 nm, Figure 57 b). 
BET of the synthesized TiO2 (600 ºC), Fe3O4/SiO2/TiO2 annealed at 600 ºC and at 500 ºC show 
BET surface areas of 33, 19, and 83 m2 g-1, respectively, while for the commercial TiO2 P25 is 
50 m2 g-1 [343], [346]. These results indicate that higher temperatures yield lower surface area 
due to crystal and particle growth and consequent agglomeration [347]. Álvarez et al. [76] 
report on a BET for Fe3O4/SiO2/TiO2 (annealed at 400 ºC) of 22 m
2 g-1, similar to the value 
obtained in this work, 19 m2 g-1, for the sample annealed at 600 ºC. 
 
 































Figure 57 – SEM images of the Fe3O4/SiO2/TiO2 particles and their size distribution. a) SEM images of 
Fe3O4/SiO2/TiO2 annealed at 600 ºC, b) mean size distribution of the Fe3O4/SiO2/TiO2 particles. 
 
However, heat treatment may damage the properties of the magnetic core, diminishing the 
magnetic response [58, 85]. For that reason, the magnetic characteristics of the produced 
particles were assessed. Figure 58 shows the magnetization curves of Fe3O4, Fe3O4/SiO2, and 
Fe3O4/SiO2/TiO2 (600 ºC), at room temperature (300 K). It shows the magnetic saturation 
values of 60.2, 41.9, and 3.6 emu g-1 for Fe3O4, Fe3O4/SiO2, and Fe3O4/SiO2/TiO2 (600 ºC), 
respectively. Fe3O4/SiO2/TiO2 particles show particularly low magnetization. The decrease of 
the magnetic saturation is explained by the addition of the non-magnetic coatings of SiO2 and 
TiO2 which decreases the content of the magnetic core [273]. Additionally, annealing may also 
negatively induce changes on the magnetic core, and consequently, reducing its magnetic 
properties. This behavior has been reported in the literature [273], [337]. Álvarez et al. [76] also 
report on a decrease of the magnetic properties when adding the extra layers of SiO2 and TiO2. 
Despite this low value it is possible to magnetically separate the particles from the solution. 
Also, the magnetic hysteresis curves of Fe3O4, Fe3O4/SiO2, and Fe3O4/SiO2/TiO2 (600 ºC) show 
at room temperature low coercivity values of 22.3, 20.7, and 16.0 Oe, respectively, indicating 
that all the samples show superparamagnetic behavior [173].  
 
a) 
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Figure 58 – Magnetization curves of Fe3O4, Fe3O4/SiO2, and Fe3O4/SiO2/TiO2 (600 ºC), at room 
temperature.  
 
XRD was used to assess the crystalline phase of the prepared samples. Figure 59 shows the 
XRD patterns of the magnetic particles. In Figure 59 a) it is shown that Fe3O4 and Fe3O4/SiO2 
exhibit diffraction reflexes at 30º, 36º, 43º, 54º, 57º, and 63º [348], [349]. All lines correspond 
to Fe3O4 and they are in good agreement with the standard spectrum (JCPDS no.: 19–0629). 
The diffraction pattern of Fe3O4/SiO2 does not reveal the presence of the SiO2 layer, most likely 
due to the amorphous nature of silica. This SiO2 layer prevents the iron diffusion from the core 
to the shell and its oxidation. The XRD pattern of the synthesized TiO2 exhibits strong 
diffraction reflexes at 25º and 48º, indicating the presence of TiO2 in the anatase phase. It also 
exhibits strong diffraction reflexes at 27º, 37º, and 56º, indicating the presence of TiO2 in the 
rutile phase. All reflexes are in good agreement with the standard spectrum (JCPDS no.: 84–
1286 and 88–1175) [33]. Regarding Fe3O4/SiO2/TiO2, the particles annealed at 600 ºC show 
more intense anatase phase reflexes relatively to the counterpart annealed at 500 ºC. The 
diffraction values (M) in Figure 59 b), correspond to the diffraction values of magnetite, 
confirmed in Figure 59 a). The SiO2 and TiO2 coatings decreased the magnetite reflexes found 
in Figure 59 a). Also, increasing the annealing temperature resulted in lower intense magnetite 
reflexes, confirmed by Figure 58, in which Fe3O4/SiO2/TiO2 exhibited lower magnetization 
values.  
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Figure 59 – XRD patterns of the magnetic and non-magnetic particles. a) Fe3O4 and Fe3O4/SiO2; and b) 
TiO2 (600 ºC) and Fe3O4/SiO2/TiO2 annealed at 500 ºC and 600 ºC, where A, R, and M correspond to 
anatase, rutile and magnetite, respectively.  
 
The UV–Vis reflectance spectra of the synthesized TiO2 and of the Fe3O4/SiO2/TiO2 (annealed 
at 500 ºC and 600 ºC) is shown in Figure 60. TiO2 exhibiting high reflectance in the visible 
range, indicates a low absorption in this region, as expected. On the other hand, the low 
reflectance between 200 and 400 nm, a typical pattern of TiO2, corresponds to a high 
absorption in the UV range, attributed to the narrow bandgap of the material. Fe3O4/SiO2/TiO2 
exhibits lower reflectance values in the visible region, between 400 and 700 nm, when 
compared with the pristine TiO2. This higher absorption arises from the dark color of the 
particles. As the TiO2 counterpart, Fe3O4/SiO2/TiO2 exhibits low reflectance in the UV, which 
is a typical TiO2 pattern, as previously discussed. Through Eq. 16, it is possible to determine 
the bandgap energies. The synthesized TiO2 nanoparticles and the Fe3O4/SiO2/TiO2 annealed 
at 600 ºC have a bandgap of 2.9 and 2.8 eV, respectively. These values are in good agreement 
with the literature and are similar to the bandgap energy values reported for P25 (3.0 – 3.2 eV) 
[36]. Regarding Fe3O4/SiO2/TiO2 annealed at 500 ºC, the bandgap energy was not possible to 
estimate, after several attempts the data was constantly inconclusive.  
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Figure 60 – UV–Vis reflectance spectra of the magnetic and non-magnetic particles, namely the 
synthesized TiO2 annealed at 600 ºC, and the Fe3O4/SiO2/TiO2 particles annealed at 500 ºC and 600 ºC. 
 
FTIR spectra of the samples is shown in Figure 61. In both curves of the magnetic 
nanoparticles after ciprofloxacin degradation (Fe3O4/SiO2/TiO2 + Ciprofloxacin) and magnetic 
nanoparticles before use (Fe3O4/SiO2/TiO2), the bands centered at ca. 1616 and 3300 cm
–1 are 
attributed to the H–O–H stretching modes and bending vibration of the adsorbed water, 
respectively [173]. For ciprofloxacin, the stretching vibration pattern between 1760 and 1690 
cm–1, is characteristic of C=O carbonyl bonds [350]–[352]. The stretching reflexes between 
3300–2500 cm–1 are characteristic to the O–H bonds [352]. The sample Fe3O4/SiO2/TiO2 + 
Ciprofloxacin does not exhibit the pattern of ciprofloxacin demonstrating that there is no 
chemical bond between the magnetic particles and the antibiotic, after use.  
 
























Figure 61 – FTIR spectra of the Fe3O4/SiO2/TiO2 before and after use in the degradation of ciprofloxacin. 
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Figure 62 shows the zeta potential of aqueous dispersions of the synthesized particles at 
different pH values. At pH 5 and above, the surface of Fe3O4/SiO2/TiO2 exhibits negative zeta 
potential values, Figure 62 a). As the pH decreases to 3, the zeta potential values shifted to 
the positive range, approximately 19 mV. Particles with zeta potential higher than +30 mV or 
more negative than -30 mV are considered to form stable dispersions because the inter 
particle electrostatic repulsion prevents agglomeration and consequent precipitation [353]. 
Therefore, Fe3O4/SiO2/TiO2 (500 ºC) are more stable at pH 11 (-35 mV) or above and 
Fe3O4/SiO2/TiO2 (600 ºC) are more stable in a broader range of alkaline solutions (-35.7, -35.9, 
and -44.4 mV, for pH 7, 9, and 11, respectively), Figure 62 a). The magnetic core coated with 
SiO2 showed to be more stable at pH 5 or above. 
Fe3O4, Figure 62 b), is shown to be more stable at pH below 5 and above 9, and TiO2 (600 ºC) 
is more stable at pH below 3 and pH 9 or above (40.1, -38, and -43.6 mV, for pH 3, 9 and 11, 
respectively).  
Moreover, the adsorption of the pollutants onto the photocatalyst is insignificant if the pH is 
close to the PZC of the photocatalyst [354]. Here the isoelectric point (iep) is near pH 5 for 
Fe3O4/SiO2/TiO2 (500 ºC) and for Fe3O4/SiO2/TiO2 (600 ºC) is 3 < pHIEP < 5. For the synthesized 
TiO2 particles the pHIEP was near pH 5. Kosmulski, M. [355] compiled the PZC value of TiO2 
from several works and determined that the PZC falls in the pH range 5–6.6. Other values 
were also reported in the literature for TiO2 (pH 4 – 6) [356]. The change in the surface potential 
is due to the presence of the surface hydroxyl groups in TiO2. At basic pH, the nanoparticles 
tend to get more negative charges at their surface, exhibiting negative zeta potential values, 
because of the formation of Ti–O−, and in contrast, in acidic pH, they tend to acquire positive 
surface charges, due to the formation of Ti–OH2+ [357]. For this reason, in the event that 
Fe3O4/SiO2/TiO2 particles and the pollutants exhibiting opposite charges, the electrostatic 
interactions will favor the adsorption, enhancing the photocatalytic activity. For Fe3O4, it was 
found to be at near pH 7, and at pH lower than 3 for Fe3O4/SiO2, in accordance with the values 
reported in the literature for Fe3O4 (pH 6.5 – 6.8) [358] and SiO2 (pH 1 – 3) [356], [358], [359].  
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Figure 62 – Zeta potential of aqueous dispersions of the magnetic and non-magnetic particles. a) 
Fe3O4/SiO2/TiO2 (annealed at 500 ºC (○) and 600 ºC (►)) and Fe3O4/SiO2 (▼), and b) Fe3O4 (○) and 
synthesized TiO2 (600 ºC) nanoparticles (▼) at different pH values. 
 
As previously discussed, materials prepared by alkoxide sol–gel processes are usually of high 
purity and low cost because of the availability of the precursors materials and the simplicity of 
the process [360], however, the materials are amorphous and therefore they are not 
photoactive. Consequently, it is necessary to crystalize them through heat treatment 
(annealing) [338]. The effect of the annealing on the photocatalytic properties has been 
examined via the degradation of one dye, methylene blue, and two antibiotics, ciprofloxacin 
and norfloxacin. 
 
Assessment of the photocatalytic properties 
The photocatalytic properties of the synthesized materials were studied by the photocatalytic 
degradation of 2 mg L–1 methylene blue, 5 mg L–1 ciprofloxacin, and 5 mg L–1 norfloxacin in 
aqueous solution, under UV radiation, at room temperature. These degradation results were 
compared with TiO2 P25 and the synthesized TiO2 in suspension.  
Figure 63 shows the results of the control experiments. In both scenarios, MB (MB – catalyst) 
and ciprofloxacin (Cipro – catalyst) without the presence of the tested particles do not 
experience any change in the values before and after the 30 min in the dark, as the compound 
has no particles to adsorb onto. During UV exposure no changes are observed, showing that 
both compounds are photostable. This confirms that no degradation of the compounds 
occurred in the absence of a photocatalyst. 
Chapter 6 Improved photocatalytic performance and reusability 
138 
 








 MB - catalyst
 MB + Fe3O4














 Cipro - catalyst

















Figure 63 – Assessment of the photocatalytic properties of the non-photocatalytic magnetic particles 
under UV. a) 2 mg L–1 of methylene blue (MB) and b) 5 mg L–1 ciprofloxacin (Cipro) under UV, without 
photocatalyst (■), and in the presence of Fe3O4 ( ) and Fe3O4/SiO2 (●), at pH neutral. 
 
When Fe3O4 is added to the solutions, after the dark homogenization period, a slight decrease 
in the initial concentration of the analyzed compounds is observed owing to the adsorption of 
the compound onto the surface of the catalyst [78]. This decrease is not attributed to the 
degradation of the catalyst, as this dark homogenization is performed under dark conditions 
and in the absence of the catalyst. The iron photodissolution modifies the properties of the 
magnetic oxides and reduces the photocatalytic activity of TiO2 as it might increase the 
electron-hole recombination [76], [169], [173], [337]. This happens due to the instability of the 
magnetic oxide nanoparticles, especially under acidic conditions [69]. The insertion of a SiO2 
layer between the magnetic core and the photocatalyst avoids the photodissolution problem 
[273]. The coating of the prepared magnetic particles by a SiO2 passive layer was achieved 
through a classical Stöber method [169], [171], [173]. By introducing the magnetic particles 
into the Stöber solution, a passive layer of SiO2 can homogeneously grow on the surface of 
the magnetic particle [361]. This method is a facile and effective process to synthesize colloid 
silica particles in ethanol aqueous solution because the silica precursor hydrolyzes and 
condenses in the ethanol solution [169]. This SiO2 interlayer also provides a stronger adhesion 
of TiO2 onto the magnetic supports through Ti-O-Si covalent bonds [76], [337]. In aqueous 
solutions, the surface of the SiO2 coating is totally hydroxylated, which favors the adsorption 
[359]. Now, testing the Fe3O4/SiO2 particles resulted in a different behavior for the tested 
compounds. MB is highly adsorbed on these particles, Figure 63 a), while ciprofloxacin is 
adsorbed until a certain extent, Figure 63 b). This behavior arises from the different surface 
charges at the surface of the particle. As shown in Figure 62 a), Fe3O4/SiO2 gets more negative 
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particles at its surface at the tested pH (pH 6–7). As methylene blue is a cationic dye, the 
Fe3O4/SiO2 particles and the MB molecules exhibit opposite surface charges, and adsorption 
is favored. While testing both particles, Fe3O4 and Fe3O4/SiO2, during UV exposure no changes 
were observed in the absorbance of ciprofloxacin and methylene blue and therefore, no 
degradation occurs. These experiments demonstrate that the degradation of the pollutants 
arises because of the photocatalytic layer of TiO2 coated on the surface of the magnetic 
particles. 
Figure 64 shows the degradation of 2 mg L-1 MB by the suspended TiO2 P25, the synthesized 
TiO2, and the magnetic photocatalytic particles annealed at 500 °C and 600 °C. The suspended 
commercial TiO2 P25 and the synthesized TiO2, Figure 64 a), exhibit similar photocatalytic 
activity. In literature, TiO2 P25 is reported as one of the most efficient photocatalysts [362], 
[363]. The synthesized TiO2 degraded 96 % of MB against 99 % for TiO2 P25, in 30 min under 
UV. The synthesized TiO2, despite having lower surface area than P25, exhibits similar 
photocatalytic degradation properties. In the degradation of MB by the magnetic 
photocatalytic particles, Fe3O4/SiO2/TiO2 annealed at 600 ºC, Figure 64 c), showed a better 
photocatalytic performance than the particles annealed at 500 ºC, Figure 64 b). After 90 min 
under UV, the sample annealed at 600 ºC degraded ca. 95 % of MB during the first use and 
after 5 cycles of use its photocatalytic activity decreased 15 % (to 81 %). Fe3O4/SiO2/TiO2 
annealed at 500 ºC showed a random behavior as the first three cycles exhibited similar 
degradation profiles (degradation of ca. 30 % of MB) and the fourth and fifth cycles presented 
an enhanced photocatalytic activity, reaching ca. 50 % degradation of MB. This behavior might 
be caused by the better dispersion after the first three uses as the particles were possibly 
aggregated. This enhanced the surface area and the specific sites for adsorption of the 
pollutant onto the nanoparticle surface, yielding a better photocatalytic performance.  
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Figure 64 – Assessment of the photocatalytic properties of the magnetic and non-magnetic particles on 
the degradation of MB under UV. Degradation of 2 mg L–1 MB under UV by (a) the prepared TiO2 (600 
ºC) and TiO2 P25; and Fe3O4/SiO2/TiO2 b) annealed at 500 ºC; and c) annealed at 600 ºC and their reuse, 
at pH neutral. 
 
Figure 65 summarizes the results of Figure 64. Here, only the first and the fifth use of the 
particles are plotted. It is evidenced the similar remarkable photocatalytic activity of the 
suspended TiO2 and of the Fe3O4/SiO2/TiO2 annealed at 600 ºC (first use), exhibiting similar 
efficiency as the commercial TiO2 P25. The higher photocatalytic activity of the 
Fe3O4/SiO2/TiO2 annealed at 600 ºC might be attributed to the higher anatase content on this 
sample, supported by XRD results, Figure 59 b). Additionally, as Fe3O4/SiO2/TiO2 (500 ºC), at 
the studied pH range (near neutral), are less stable than Fe3O4/SiO2/TiO2 (600 ºC), they are 
prone to aggregation [353], resulting in a decrease of the surface area and consequently, 
decreasing the photocatalytic activity. The higher degradation efficiency after 5 uses might be 
attributed to a better dispersion of the particles.  
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Figure 65 – Comparison of the magnetic and non-magnetic photocatalysts and their reuse under UV on 
the degradation of MB, 2 mg L-1. 
 
Table 30 compares the reaction rates of the photocatalytic particles annealed at different 
temperatures. Fe3O4/SiO2/TiO2 annealed at 600 ºC exhibits higher reaction rate and 
consequently, higher removal efficiency. In another work, 600 ºC was also considered as the 
best temperature to achieve a more efficient catalyst [364]. They found that increasing the 
temperature from 600 ºC to 700 ºC, the photocatalytic activity of Fe-doped TiO2 would 
decrease due to an increase in the formation of rutile.   
Since the magnetic photocatalytic particles exhibited higher efficiencies in the degradation of 
MB when compared to the previous discussed nanocomposites, the degradation of antibiotics 
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Table 30 – Apparent reaction rate constants (k) of the degradation of MB by the magnetic and non-
magnetic photocatalysts under UV. The apparent reaction rate constants were calculated for t=30 min. 
The removal (%) corresponds to the total removal after 30 and 90 min under UV for the non-magnetic 
and magnetic particles, respectively. 
Photocatalyst 
1st use 5th use Total degradation 
time (min) k (h–1) Removal (%) k (h–1) Removal (%) 
TiO2 synthesized 6.18 96 - - 30 
TiO2 P25 9.60 99 - - 30 
Fe3O4/SiO2/TiO2 (500 ºC) 0.30 31 0.54 50 90 
Fe3O4/SiO2/TiO2 (600 ºC) 1.92 95 1.14 81 90  
 
Figure 66 depicts the degradation of ciprofloxacin and norfloxacin by the produced 
photocatalysts. For both antibiotics, there is no loss of the photocatalytic activity while the 
magnetic photocatalytic particles are reused. This shows that the magnetic particles have 
remarkably good stability, both chemically and physically. The particles showed to be efficient 
on the degradation of the antibiotics. Fe3O4/SiO2/TiO2 annealed at 500 ºC showed a 
degradation, after 90 min under UV, of ca. 80 % of ciprofloxacin and norfloxacin, while 
Fe3O4/SiO2/TiO2 annealed at 600 ºC showed higher degradation rates. After 5 uses, 
Fe3O4/SiO2/TiO2 (600 ºC) degraded ca. 90 % of ciprofloxacin and 95 % of norfloxacin, after 75 
min under UV. The heat treatment can be a critical step, as it has implications in the 
photoactivity and in the magnetic properties. The photoactivity of the prepared coated 
particles was found to increase with an increase in the heat treatment. However, this needs 
to be taken into account when optimizing the performance of the photocatalyst because the 

























































































































Figure 66 – Assessment of the photocatalytic properties of the magnetic and non-magnetic particles in 
the degradation of ciprofloxacin and norfloxacin under UV. Degradation of 5 mg L–1 ciprofloxacin (left) 
and norfloxacin (right) by a) and b) the TiO2 synthesized (600 ºC) and TiO2 P25; (c) and (d) by 
Fe3O4/SiO2/TiO2 annealed at 500 ºC; and e) and f) annealed at 600 ºC, and their reuse at pH neutral. 
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Figure 67 summarizes the results of Figure 66. Suspended particles of the synthesized TiO2 
exhibit similar photocatalytic activity as the commercial TiO2 P25 in the degradation of both 
antibiotics.  
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Figure 67 – Comparison of the magnetic and non-magnetic photocatalysts and their reuse under UV on 
the degradation of ciprofloxacin and norfloxacin. Degradation of 5 mg L–1 of a) ciprofloxacin and b) 
norfloxacin by the tested photocatalysts and their reuse under UV. 
 
In another work, annealing at 450 °C for 20 min was sufficient to alter the amorphous TiO2 
into a photoactive crystalline one. Annealing at lower temperatures is advantageous to reduce 
the oxidation state of the iron oxide core and reducing the energy necessary for annealing 
[338]. In this work, Fe3O4/SiO2/TiO2 annealed at 600 ºC degraded the pollutants in less time, 
which is advantageous for practical applications.  
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Compared to the synthesized TiO2 particles in suspension, Fe3O4/SiO2/TiO2 (600 ºC) shows an 
insignificant decrease in the photocatalytic activity. This shows that the immobilization of the 
catalyst on a magnetic core coated with a SiO2 layer does not significantly reduce the 
photocatalytic activity and has the advantage of an easy recuperation from water by applying 
a magnetic field and further reutilization.  
Comparing the magnetic photocatalytic particles annealed at different temperatures, Table 31, 
Fe3O4/SiO2/TiO2 annealed at 600 ºC exhibited higher reaction rate and consequently, higher 
removal efficiency.  
 
Table 31 – Apparent reaction rate constants (k) of the degradation of ciprofloxacin and norfloxacin by 
the magnetic and non-magnetic photocatalysts under UV. The apparent reaction rate constants were 
calculated for t=60 min. The removal (%) corresponds to the total removal after 60, 75, and 90 min 
under UV for the non-magnetic, magnetic particles annealed at 600 ºC and at 500 ºC, respectively. 
Photocatalyst 
1st use 5th use Total degradation 
time (min) k (h–1) Removal (%) k (h–1) Removal (%) 
Ciprofloxacin 
TiO2 synthesized 1.98 85 - - 60 min 
TiO2 P25 2.88 87 - - 60 min 
Fe3O4/SiO2/TiO2 (500 ºC) 1.14 78 1.26 83 90 min 
Fe3O4/SiO2/TiO2 (600 ºC) 2.10 95 2.70 95 75 min 
Norfloxacin 
TiO2 synthesized 2.82 90 - - 60 
TiO2 P25 3.54 93 - - 60 
Fe3O4/SiO2/TiO2 (500 ºC) 1.26 82 1.20 81 90 
Fe3O4/SiO2/TiO2 (600 ºC) 2.22 95 3.06 98 75 
 
Fe3O4/SiO2/TiO2 was used for five photocatalytic runs in the degradation of methylene blue, 
ciprofloxacin, and norfloxacin. The results shown in Figure 64 and Figure 66 confirm that the 
magnetic photocatalysts are reusable. Fe3O4/SiO2/TiO2 annealed at 600 ºC exhibited a 
photocatalytic activity similar to TiO2 P25 and that it is stable after five experimental runs. 
Additionally, in the work of Álvarez et al. [76] (used as base to prepare the magnetic 
photocatalytic particles), the synthesized magnetic particles showed a degradation efficiency 
of 100 % for antipyrine and acetaminophen after 300 min under UV, and bisphenol A and 
metoprolol were degraded after 230 min. Moreover, the reusability of the particles was 
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assessed in the degradation of acetaminophen and it was observed a reduction of 10 % on 
the reusability after 5 uses. These results, together with the ones shown here, allow an 
understanding of the application of these particles in the scope of photocatalytic applications 
for environmental mitigation. 
 
Reactor 
Figure 68 shows the degradation of 5 mg L–1 ciprofloxacin under UV and Fe3O4/SiO2/TiO2, 
annealed at 500 ºC and at 600 ºC, in a model flow reactor [193]. It is shown that 
Fe3O4/SiO2/TiO2 annealed at 600 ºC shows a better performance as after 120 min more than 
85 % of the ciprofloxacin was degraded. For the particles annealed at 500 ºC, slightly less than 
80 % of the ciprofloxacin was degraded after 120 min of exposure to UV. It is noteworthy that 
also in the previous experiments, Fe3O4/SiO2/TiO2 annealed at 600 ºC shows better 
degradation results in comparison to the particles annealed at 500 ºC.  














Figure 68 – Assessment of the degradation of ciprofloxacin by the magnetic particles in a reactor. 
Degradation of 5 mg L–1 ciprofloxacin by UV and Fe3O4/SiO2/TiO2 annealed at 500 ºC (●) and 600 ºC (■) 
in a model flow reactor, at pH neutral.  
 
This experiment is particularly important as it was used 10 times (500 mL) the volume of the 
previous experiments (50 mL) in a model flow reactor with the capacity of 206 mL. The volume 
used in the model reactor, although it is still a very low volume compared to the volume of 
wastewater treated every day, it is a more realistic scenario for the application of the 
photocatalytic magnetic nanoparticles. To obtain approximately the same degradation values, 
the treatment time was increased from 75 min and 90 min for Fe3O4/SiO2/TiO2 (600 ºC) and 
Fe3O4/SiO2/TiO2 (500 ºC), respectively, to 120 min. 




Several experiments have been carried out on the immobilization of photocatalysts. Two main 
problems arise from this arrangement: the accessibility of the light needed to activate the 
photocatalyst and the loss of surface area [161]. Immobilizing the catalyst on a magnetic core 
coated with SiO2 and TiO2 layers does not significantly reduce the photocatalytic activity while 
comparing to the suspended non-magnetic TiO2 particles. The high photocatalytic activity of 
TiO2 P25 can be attributed to its larger specific surface area, the 70:30 ratio between anatase 
and rutile, and the existence of surface oxygen vacancies, producing hydroxyl radicals. 
However, the produced magnetic photocatalyst can be easily recycled and reused while TiO2 
P25 cannot [365]. 
As Fe3O4/SiO2/TiO2 (500 ºC), at the studied pH range (near neutral), are less stable than 
Fe3O4/SiO2/TiO2 (600 ºC), they are prone to aggregation [353] what might explain their lower 
photocatalytic activity. Moreover, the higher anatase content of the samples annealed at 600 
ºC might positively influence the degradation results.  
The low efficiency in the degradation of MB, compared to the degradation rate of the 
antibiotics, seems to be caused by an electrostatic repulsion between the catalyst surface and 
the dye. This repulsion does not facilitate the adsorption of the dye onto the surface of the 
photocatalyst, slowing the degradation of the dye. 
Fe3O4/SiO2/TiO2 (600 ºC) exhibited remarkable reusability properties after 5 uses, with no loss 
on the degradation of ciprofloxacin and norfloxacin and 14 % loss after 5 uses in the 
degradation of MB. 
The apparent reaction rate constants achieved by the magnetic particles under UV are 
compared to the ones achieved by the nanocomposites in Chapter 7. 
In conclusion, these photocatalytic magnetic particles showed potential for industrial 
application in the removal of organic contaminants from water. 
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Aqueous methylene blue is suggested in ISO 10678:2010 as a standard photodegradation 
compound. Several nanocomposites were here tested in the degradation of MB and the 
results are here summarized.   
Table 32 summarizes the results obtained from the experiments while testing different 
immobilization supports. For the sake of comparison, the same concentration of photocatalyst 
(20 %) was tested, except for the nanocomposite produced by solvent casting (8 %). In 
general, low concentrations do not exhibit good photocatalytic activity albeit using high 
concentrations, the particles can be wore off during use, yielding lower degradation rates 
during reuse and introducing secondary pollution. 
 
Table 32 – Comparison of the apparent reaction rate constants (k) on the degradation of MB under UV 
by the tested immobilized systems (first use). 
Nanocomposite k (h–1) Removal (%) Time (min) 
Solvent casting 
PVDF-TrFE/TiO2 (8 %) 1.08 99 180 
Electrospinning 
PVDF-TrFE/TiO2 (20 %) 1.30 92 105 
PVDF-TrFE/TiO2/GO (20 %) 1.80 93 105 
PVDF-TrFE/WO3 (20 %) 0.90 91 120 
PMMA/TiO2 (20 %) 0.90 97 180 
Suspended magnetic particles 
Fe3O4/SiO2/TiO2 (500 ºC) 0.24 31 90 
Fe3O4/SiO2/TiO2 (600 ºC) 2.10 95 90 
 
Naturally, the reaction rates of the immobilized photocatalysts are lower than the reaction 
rates of the suspended (k = 4.98 h-1, see Table 14) or magnetic particles. This is caused by 
mass transfer limitations which determines the photocatalytic reaction rate of the immobilized 
photocatalysts. The photocatalytic magnetic particles have the inherent advantage of a fixed-
bed design coupled with the efficiency of a slurry reactor. The Fe3O4/SiO2/TiO2 (600 ºC) were 
used in suspension which explains the higher degradation rate. 
Since Fe3O4/SiO2/TiO2 (600 ºC) exhibited the highest photocatalytic activity in the degradation 
of MB, other compounds were also tested, ciprofloxacin and norfloxacin. Figure 69 shows 
that Fe3O4/SiO2/TiO2 (600 ºC) is effective on the degradation of the three tested compounds 
with no significant loss of activity after 5 uses.  
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Figure 69 – Comparison of the degradation of the different model pollutants under UV by the magnetic 
particles and their reuse, Fe3O4/SiO2/TiO2 (600 ºC). 
 
In Table 33 it can be seen that the photocatalytic activity under simulated sunlight depends on 
the photocatalyst. Immobilized TiO2 exhibited lower photocatalytic activity under simulated 
sunlight due to its large bandgap (3.0 eV), Figure 49 in subsection 5.4, whereas WO3 showed 
slightly higher degradation rates due to its slightly narrower bandgap (2.55 eV). Adding 
graphene oxide (GO) to TiO2 resulted in a reduction of the bandgap to 2.2 eV, Figure 41 in 
subsection 5.3, and consequently the degradation rate increased significantly, demonstrating 
the suitability of this material under visible light. 
 
Table 33 – Comparison of the apparent rate constants (k) on the degradation of MB under simulated 
sunlight by the tested immobilized systems (first use) by electrospinning. 
Photocatalyst k (h
–1)* Removal (%) Time (min) 
PVDF-TrFE/TiO2 (20 %) 0.24 63 90 
PVDF-TrFE/TiO2/GO (8 %) 3.00 99 90 
PVDF-TrFE/WO3 (20 %) 0.90 91 120 
PMMA/TiO2 (20 %) 0.42 90 180 
* MB rate constant for the tested materials was subtracted by a background rate which was under 
simulated sunlight without the catalyst [366]. The background rate was 0.3 h–1. 
 
The photocatalytic degradation of MB under simulated sunlight occurred faster than under UV 
irradiation due to the combination of the photolysis of MB under visible light and the 
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photosensitization process involving the catalyst and the adsorbed MB. The electronically 
excited state of the dye injects an electron into the conduction band of the photocatalyst, 
generating more hydroxyl radicals which enhances the photobleaching of MB [191], [192], 
[295], [367]. 
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Conventional wastewater treatment does not completely remove micropollutants, and 
therefore, they still remain in the effluents. Additionally, many conventional water treatment 
methods show several disadvantages. For instance, adsorption does not eliminate the 
pollutants, it simply transfers them to another phase; filtration involves high operating costs; 
and chlorination, the most commonly used disinfection method, generates by-products that 
are carcinogenic. In this work, it was detected several pharmaceuticals from different 
pharmaceutical classes in a wastewater effluent, proving that the conventional treatments are 
ineffective on the elimination of certain pollutants from water. Given the improper elimination 
of pharmaceuticals by traditional wastewater treatments and the risks associated with their 
presence in the effluents, this thesis is dedicated to the development, characterization and 
test of alternative elimination materials that can be used in water decontamination.  
Fresh water scarcity has been a perennial problem to mankind and the pollution of fresh water 
resources has significantly contributed to it. Wastewater reuse may strengthen water savings 
and heterogeneous photocatalysis can be used to improve water quality, as it provides 
significant advantages over conventional methods. 
Here, it was demonstrated the degradation of pharmaceuticals present in a wastewater 
effluent sample by suspended ZnO and TiO2 under UV. However, one main problem 
associated with this technique is the use of photocatalysts in a suspended form, which 
exhibits two major drawbacks. First, due to the small particle size and large surface-to-volume 
ratio, the particles are prone to agglomeration and therefore susceptible to losses in efficiency. 
Second, it requires additional post-treatment to collect the photocatalysts. The catalyst 
recovery step is usually not energy- and not cost-effective. The above mentioned drawbacks 
of the suspended form can be overturned by immobilizing the photocatalysts, in addition, it 
allows for potential reusability of the catalysts. The benefits associated with immobilizations 
have sparked strong interest on the development of the polymeric nanocomposites. In spite 
of this large interest, little progress has been made on their application to water treatment. 
This work presents results regarding the immobilization and reuse of different photocatalysts 
in different substrates. Polymeric materials are good candidates for environmental 
remediation applications. PVDF and PMMA have good resistance to UV [335], [368], [369]. For 
this reason, photocatalytic nanoparticles were embedded in PVDF-TrFE and PMMA. The 
suitability of the developed electrospun nanocomposites and the films produced by solvent 
casting, in pollution mitigation, was shown via the degradation of methylene blue (MB). MB 
was used as a standard photodegradation compound, as suggested in ISO 10678:2010, to 
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assess the photocatalytic activity of the different materials. Electrospun fiber nanocomposites 
usually present a higher surface area than other nanocomposites, for instance, thin films, 
which attenuates the undesirable effect of nanoparticles surface area loss [114], [139]. 
Additionally, fiber mats promote scattering events between contiguous fibers, boosting the 
light absorption and utilization [305], [370], thus favoring the photocatalytic process. For 
industrial applications, the photocatalysts are expected to be used in multi-cycles and the cost-
effectiveness of the process is maximized with photocatalyst recycling. It was demonstrated 
in this work that the immobilization of WO3 in a PVDF-TrFE electrospun as well as TiO2 
immobilized in the PVDF-TrFE film present good reusability. In contrast, it was not possible to 
assess the reusability of the PMMA nanocomposites due its characteristics. 
From the application perspective, the selection of the various components, from catalyst to 
light source, photocatalysis should follow both economical and efficiency criteria. Given the 
fact that several photocatalysts have a large bandgap, expensive UV sources are required for 
operation. In this work, it was shown that immobilized TiO2/GO has considerable exceptional 
removal performance under simulated sunlight, showing that it is possible to replace UV lamps 
by inexpensive solar light. It is worth noting that MB is not photostable under visible light, and 
consequently it should be preferred to use a model compound that is photostable to assess 
the photocatalytic performance of materials. The dye photolysis under visible light might mask 
the degradation process thus limiting the ability to draw a conclusion on the activity of the 
photocatalyst [191]. 
Moreover, the combination of TiO2 with GO provides additional benefits to the photocatalytic 
efficiency. This arises from two properties of GO, on the one hand, the high conductivity of 
GO allows it to act as an electron acceptor [371], on the other hand, the high adsorption 
properties of GO rendered by its π–conjugation. These properties play a significant role in the 
overall enhanced photocatalytic activity of this nanocomposite [183]. Thus, accounting for the 
higher photocatalytic efficiency under UV and simulated sunlight compared to the systems 
with pristine TiO2 and WO3. 
The magnetic nature of the photocatalytic particles produced in this work have shown to have 
a potential industrial application in the removal of organic contaminants from water. In addition, 
these provide an easy solution to remove the catalysts, via magnetic separation. Magnetic 
separation is a simple, low-cost, efficient, and fast process of recuperation of the 
photocatalytic particles by applying an external magnetic field [273], [337], [372]. The good 
repeatability and the good photocatalytic performance of Fe3O4/SiO2/TiO2 has been 
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demonstrated in multi-run experiments in the degradation of model pollutants. Since 
photocatalytic magnetic particles exhibited higher efficiency in the degradation of MB than the 
other immobilized systems, the degradation tests range was extended to include two 
antibiotics, namely ciprofloxacin and norfloxacin. In both cases the antibiotics were efficiently 
degraded. 
The application of photocatalysis in an open shallow treatment cell as a post-treatment 
technique could be beneficial for the attenuation of recalcitrant pollutants in the downstream 
water systems, such as wetlands, lagoons, or surface waters. Despite the photocatalytic 
degradation of organic compounds being an auspicious method for water remediation, toxicity 
assessment is important because some by-products or intermediate species can be more 
toxic than the parent compounds. In addition, synergistic effects between the produced 
compounds can also contribute to increased toxicity.  
Toxicity tests give a fast and preliminary information on the hazard potential of the degraded 
compounds. However, due to their usually low environmental concentrations they may not be 
suitable to an accurate evaluation of the respective ecotoxicological hazard. Consequently, 
studies on chronic effects should be able to produce a more appropriate evaluation of the 
environmental impact. The toxicity of ZnO has not only been attributed to the generation of 
hydroxyl radicals but also to its dissolution in water and the consequent release of the highly 
toxic zinc ions, Zn2+ [282]. For this reason, ZnO shows higher toxicity than other metal oxide 
nanoparticles, e.g. TiO2 and WO3 [209], [244] hence, its use should be avoided in water 
decontamination. 
This thesis has primarily discussed the applications associated with the photocatalytic 
degradation of organic molecules in water treatment. However photocatalysis, as discussed 
in section 2.5, can also be employed on the inactivation of microorganisms, rendering 
application in the sanitation and disinfection of medical environments and food industry, and 
in the application in oncologic treatments due to the generation of reactive radicals. This 
method has a potential large range of applications spanning over several fields of research 
that are traditionally considered decoupled or with little overlap. Therefore, this stresses the 








To finalize, it is worth mentioning that four main paths for future research can emerge from 
this body of work. On light of the recent and fast paced developments in nanotechnology, it 
is expectable to observe in the near future a significant increase in new photocatalytic 
materials, raising concerns about their toxicity. Thus, stimulating research on the effects of 
the by-products and also of the synthesized nanomaterials. In addition, another possible follow 
up research may lay on the degradation of more recalcitrant pollutants with the synthesized 
materials, which was beyond the scope of this thesis. Regarding the nanomaterials and going 
through a more technical path, further studies, not addressed in this thesis due to the lack of 
instrumentation, may be performed to determine their mechanical and physical properties, 
especially important for practical applications. Last but not least, it was shown in this project 
the viability of photocatalysis using visible light, at least in experimental conditions, leading to 
a path of research focused on the development of efficient photocatalysts for use with the 
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